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Abstract
Kuchi, Satish C., M.S.E., Department of Mechanical and Materials Engineering, Wright State
University, 2009. Effect of Finite Geometry on Solidification Microstructure in Beam-Based
Fabrication of Thin Wall Structures.
With the advent of Rapid Protyping (RP) in the manufacturing industry, many new
technologies came into development for quick fabrication of materials. One of the most
versatile fabrication process among them is additive manufacturing. Laser based manufac-
turing (LBM) and electron beam manufacturing (EBM) processes use the energy from a
laser or electron beam to build up structures layer by layer directly from powdered metals
and wire feed stock. It has been determined from previous work that solidification cooling
rate and thermal gradients are the important factors for controlling microstructure (grain
size and morphology) and resulting mechanical properties of the deposit. The previous
work was concerned with semi-infinite thin wall and bulky 3-D geometries where the ther-
mal solution near the laser or electron beam is independent of the boundaries. The goal of
the current study is to investigate the effects of finite geometry (finite length and height of
the build) and associated non-steady state changes in process variables (beam power and
velocity) on the thermal conditions controlling microstructure through parametric finite el-
ement modeling with ABAQUS. The results of this project will guide process designers in
the additive manufacture of a variety of common thin walled geometries.
iii
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Chapter 1
Introduction
This thesis investigates the effects of finite geometry on solidification microstructure in
beam-based fabrication of thin walled structures with emphasis on solid freeform fabrica-
tion techniques. Since the start of the early 1990’s the main focus of industries worldwide
was on increasing productivity. Industries started to use more and more computer automa-
tion in manufacturing to increase productivity [1]. One such method in development was
Rapid Prototyping and Manufacturing (RP&M). RP&M relates to a group of technologies
which enable quick fabrication of engineering materials. It is considered as one of the sig-
nificant developments in the manufacturing industry. Unlike conventional manufacturing
processes where the part is fabricated by removal of material such as milling, grinding or
casting, these new processes use the concept of additive manufacturing where the part is
produced by addition and creation of solid material to the required shape layer by layer [2].
Solid Freeform Fabrication (SFF) is a class of additive manufacturing processes which
evolved from Rapid Prototyping (RP). SFF manufacturing technologies are additive pro-
cesses that use three-dimensional CAD representations of the object to manufacture differ-
ent shapes without the help of any specials tools or molds [3]. As mentioned in [1], SFF
can be explained with the help of two words “Solid” and “Freeform”. The word solid is
used to refer to the final end product (manufactured) being in solid state, even though the
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starting state would be in liquid, powder, laminates or individual pellet form. “Freeform”
describes the ability of the process to build any complex structure without the need of
additional tooling or restrictions. The part fabrication in the SFF process starts with the 3-
D design being drafted using a Computer-Aided Design/Computer-Aided Manufacturing
(CAD/CAM) system. The 3-D solid model database of the part is then converted into 2-D
cross-sectional layers using Stereo Lithography (STL) file format (developed by 3D sys-
tems). The sliced output from the model is then used to build the part layer by layer using
different material addition processes [1]. SFF involves different types of processes which
can be used to design and manufacture various parts using the layer-additive approach.
Current trends in the manufacturing industry are encouraging these new techniques which
use computer aided design (CAD) and computer aided manufacturing (CAM) for wider
applications [4].
As SFF processes build parts by the additive manufacturing process, they offer many
advantages when compared to the conventional subtractive manufacturing processes such
as turning, milling and grinding [5]. Additive metal-deposition processes help designers to
build novel shapes, features, and parts with different material combinations that would be
difficult to manufacture with conventional processes such as milling , grinding and cast-
ing [6]. The main advantage of these processes is the ability to produce near net shapes
with little waste of material and the ability to process materials which cannot be processed
by the conventional manufacturing methods. There is an additional cost saving in SFF pro-
cesses as no extra tooling is required. Apart from the manufacturing industry, SFF finds its
applications in welding repair techniques, repairing metal seal knife edges, manufacturing
turbine blade tips and tooling dies [4]. The ability of SFF to build parts in a relatively
short time helps it to find its place in design verification, testing, direct manufacturing and
marketing [5].
The SFF processes can be classified broadly into three categories depending on the use
of initial form of the material [1]. The three categories are (i) solid-based (ii) liquid-based
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and (iii) powder-based processes. While this thesis does not consider actual addition of
material, its primary motivation are the powder-based processes. The different types of
SFF processes currently being used or under development are Directed Light Fabrication
(DLFTM), Laser Engineered Net Shaping (LENSTM), Direct Metal Deposition (DMDTM),
Selective Laser Sintering (SLSTM), Three-Dimensional Printing (3DP), all of which are
the powder based processes. The solid based processes are Electron Beam Freeform Fabri-
cation (EBF3), Laminated Object Manufacturing (LOM) and Fused Deposition Modeling
(FDM) [1, 3].
1.1 Background
This section provides a brief background on the introduction to beam-based fabrication
with emphasis on the two SFF processes which are relevant to this thesis, i.e. Laser Based
Manufacturing (LBM) which incorporates Laser Engineered Net Shaping (LENSTM) and
Electron Beam Manufacturing (EBM) . This section also provides a brief introduction on
titanium and its alloys with emphasis on Ti-6Al-4V, the most widely used alloy in beam-
based fabrication of aerospace components.
1.1.1 Beam-Based Material Deposition Processes
In beam-based fabrication processes, the entire system is made up of four important com-
ponents. The fabrication system includes a beam-based energy source, powder or wire
delivery system (powder feeder, nozzle, wire feeder, carrier gas), controlled environment
(inert gas) and an operating table which is controlled by a computer [1]. All the elements
play an important role in the fabrication of a fully dense part. The powdered metal or the
wire stock is fed into the spot of the beam on the operating table. Due to the enormous
heat which is focused in a localized spot , the powder or wire is melted instantaneously
creating a molten melt pool region. As the beam moves in the forward direction the molten
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metal cools and solidifies, thus creating a layer of new metal. After the deposition of a
one layer, the delivery nozzle or the wire stock system moves up in the positive vertical
z direction, to start the deposition of a new layer [1]. The entire process is repeated layer
by layer until the part is completely fabricated. The complete set up is isolated from the
atmosphere to prevent oxidation of the fabricated part [1, 7]. The table is controlled by a
computer to move in the x-y direction. Parts are generally fabricated on a base plate or
substrate which is attached to the control table. Once the complete fabrication is done the
substrate is machined off from the table [1].
1.1.1.1 Laser Engineered Net Shaping (LENSTM)
Laser Engineered Net Shaping (LENSTM) is a laser assisted, direct metal deposition manu-
facturing process which was developed by Sandia National Laboratories and was commer-
cialized by Optomec Design Company in 1997 [8,9]. The LENSTM process was developed
using Stereo Lithography and Laser Surfacing [9]. The LENSTM process is shown in Fig-
ure 1.1. The LENSTM process is an additive manufacturing process in which the parts
are directly fabricated from a 3-D solid model line by line and then layer by layer. In the
LENSTM system, a laser beam is used to create a molten pool on the base or substrate
on which the laser beam is focused. The powdered particles are then introduced into the
molten pool. As the laser beam moves over the powdered metal, it melts the powdered
metal and once the laser beam moves in the forward direction , the molten metal solidifies.
A layer is deposited by moving the substrate on the control table in the x and y directions.
Once a layer is deposited , the next layers are deposited by incrementing the laser and
the powder delivery nozzle in the positive vertical direction. This process continues until
the whole part is completed [1]. The fabrication process takes place in a argon controlled
chamber for preventing oxidation of the fabricated part as well as the powdered metal [3].
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Figure 1.1: LENSTM Fabrication Process, (photograph from cover of JOM, Vol.51, No.7,
July 1999)
The LENSTM process is generally referred to as a small-scale process. Deposition rates
in the LENSTM process are around 2500 mm3/hr or about 0.045kg/hr. The LENSTM pro-
cess is a slow deposition process and works at relatively low powers (<1 kw) [8]. There are
other fabricating processes such as LASFORMTM which work at high powers (18-30 kw)
and have deposition rates around 4.5kg/hr. The net shapes fabricated by the LENSTM pro-
cess are within a tolerance range of±125 µm [10]. These conditions make it more suitable
for fabrication of small objects. The most commonly fabricated parts using the LENSTM
process are thin-walled structures and bulky 3-D geometries. The LENSTM process can
fabricate components from different metals and alloys such as stainless steel, nickel-based
alloys, tool steels, aluminum alloys, and titanium alloys. Fabricating functionally graded
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materials and composites is also possible with LENSTM [11]. By using the LENSTM pro-
cess ultra thin parts more than an inch tall with depth-to-diameter aspect ratios of up to 70:1
can be fabricated [6]. Comparisons of the tensile properties of laser deposited material with
that of conventionally processed material was carried out by Lewis and Schlienger [11].
The comparisons are presented below in Table 1.1.
Literature Review Material
0.2% yield strength
Mpa (ksi)
UTS
Mpa (ksi)
Elong
(%)
Type 316 Stainless Steel
As deposited 296 (43) 579 (84) 41
Wrought annealed 262 (38) 572 (83) 63
Investment cast 316 269 (39) 517 (75) 39
Inconel 690 (58Ni-29Cr-9Fe)
As deposited 450 (65.2) 66 (96.6) 48.4
Hot rolled rod 372 (54) 738 (107) 50
Ti-6Al-4V
As deposited 958 (139) 1027 (149) 6.2
Wrought bar (annealed)
827-1000
(120-145)
931-1069
(135-155)
15-20
Cast + anneal 889 (129) 1014 (147) 10
Table 1.1: Tensile Properties of Laser Deposited Material Compared to Conventionally
Fabricated Materials [11]
There are numerous advantages for fabricating parts using LENSTM. The process pro-
duces parts with material properties equal to or better than those processed by conventional
techniques. When compared to the conventional manufacturing processes which follow the
concept of material removal, LENSTM process builds parts by material addition, thus elim-
inating excessive material waste [6, 12]. The process is capable of producing fully dense
metal parts with superior material properties. Complex shapes can be easily fabricated us-
ing the most difficult to machine materials like titanium [1]. Lead time is reduced by 80%
and the cost of fabrication is reduced by 50% in most of the cases. LENSTM technology
finds its applications in many areas. LENSTM can be used to build mold and die tool-
ing, fabricate titanium components for biological implants, produce functionally graded
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structures, fabricate turbine blades and add features to already manufactured products [1].
Several parts fabricated by using the LENSTM process are shown in Figure 1.2.
(a) Titanium Hip Stern (b) Bracket
(c) Titanium hip replacement
Figure 1.2: Parts fabricated using LENSTM [6, 13]
1.1.1.2 Electron Beam Freeform Fabrication (EBF3)
Electron Beam Freeform Fabrication EBF3 is one among the many new emerging tech-
nologies for fabricating structural metal parts. EBF3 is being developed by NASA Langley
Research Center. This process can be used to build a complex shape layer by layer in
an additive fashion. The EBF3system uses a very high power electron beam in a vaccum
controlled environment (1x10-4torr or lower) [14]. The different components of an EBF3
system include a computer controlled table, electron beam gun, wire feedstock and a vac-
cum controlled environment. Metal wire feedstock is introduced into the initial molten
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melt pool which is created by using a focused electron beam on a substrate. The metal
wire melts as it comes in contact with the electron beam. As the electron beam moves
forward the molten metal cools and solidifies. Parts are built in a similar fashion layer by
layer by constantly moving the electron beam and the wire source across the surface of the
substrate [15]. Wire feedstock is used in the EBF3 process due to the problems associated
with feeding powder in a vaccum, as the carrier gas which is used to support the powder
delivery system would be ionized in the electron beam [14]. Different components of the
EBF3 system are shown in Figure 1.3.
Figure 1.3: Components of the EBF3 system [15]
The production of the electron beam and the subsequent combination of the electron
beam with the feedstock makes EBF3 one of the most efficient fabrication techniques [16].
The feedstock efficiency rate is 100% and power efficiency is 95% , thereby reducing the
power waste. Bulk Deposition is possible in EBF3. Deposition rates in excess of 2500
cm3/hr (150 in3/hr) or lower deposition for finer precison can be attained. The EBF3 pro-
cess be used with any electrically conductive materials including alloys of aluminum and
copper which are difficult to fabricate using laser-based techniques. The EBF3 process can
also fabricate a large variety of weldable alloys [14, 16].
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EBM has numerous applications in the field of manufacturing. EBM process reduces
the material needed for fabrication of new parts due to the decrease in the material waste
when compared to the conventional manufacturing systems. Manufacturing lead time and
the cost of the components is also reduced when produced in bulk volumes. The buy-to-
fly ratio (which is the ratio of the weight of the material purchased to the weight of the
finished product) is quite high (12:1 to 20:1) for common manufacturing processes and
can be brought down to 5:1 or less using EBM [17]. Dense parts can be produced using
EBM which makes it suitable for commercial manufacturing. An wide microstructural
range can be achieved within the same part thereby having different mechanical properties
within a single part. EBM is being used to create artificial hip implants made of titanium,
for producing structures from high reflectance alloys like titanium and aluminum for the
aerospace industry and for addition of features onto already manufactured parts (casted or
forged) [4, 14, 15]. Different parts fabricated by the EBM process are shown in Figure 1.4.
Figure 1.4: Different Parts Fabricated by EBM [4, 14, 16]
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1.1.1.3 Laser Based Manufacturing (LBM) vs Electron Beam Manufacturing (EBM)
Electron beam manufacturing has a lot of advantages over laser-based manufacturing. As
an electron beam is electronically focusable, the output power can be scaled over a wide
range when compared to the laser beam fabrication. More control over the electron beam
allows fabrication of finer details such as a wall with 0.030” thickness with a low power
setting (several hundred watts). At higher power levels, a deposition rate of more than
40 lbs/hr is attainable with the electron beam fabrication process. As the electron beam
fabrication process is operated in a vaccum environment, there is no need of any inert gas
to preserve the chemical integrity of the metal and the part being fabricated. A portion of
the incident energy is reflected out and lost to the atmosphere when using optical energy
such as a laser beam, whereas nearly all of the incident energy is utilized for melting the
metal in electron beam fabrication. Due to the high coupling efficiency of an electron beam,
even highly reflective materials can be deposited effectively [15].
1.1.2 Titanium and its alloys
Titanium is one among the widely found elements on Earth [18]. It was first discovered
by Rev. W. Gregor of England in 1791 and pure titanium was first manufactured by an
American chemist M.A. Hunter in 1910 [19, 20]. Titanium was not widely used until the
second half of the twentieth century. In the 1950’s titanium was introduced in the aerospace
industry in response to the need of a higher strength and low corrosion resistance material
[18]. The properties which make titanium attractive are its high strength, low density,
corrosion resistance properties and good high temperature properties [18].
1.1.2.1 Ti-6Al-4V
As the high temperature and high strength/weight applications of titanium became more
visible in the early 1940’s, industry began to focus more on titanium and its sub products
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[7]. The growth of the titanium industry was dependent on the use of titanium for various
applications. This led to the development of various alloys. One of the most important
alloys of titanium is Ti-6Al-4V which was developed in 1954 [19]. Ti-6Al-4V is the most
common and widely used of all titanium alloys. The unique properties of Ti-6Al-4V are
its high strength (strength/density), stability at high temperatures (400oC / 750oF), and
good corrosion resistance [18]. Ti-6Al-4V is available in different product forms such as
wrought, cast and powder metallurgy. The most widely used alloy in the aerospace industry
both civilian and military is Ti-6Al-4V. In the aerospace industry Ti-6Al-4V is used for
manufacturing turbine engine, airframes, and engine components such as blades, wheels,
and discs. In the automotive industry Ti-6Al-4V is used for fabricating rotating parts such
as valves, valve springs, rocker arms and connecting rods. In the medical industry Ti-6Al-
4V is used for making surgical implants [18]. The titanium alloy which is most relevant to
this thesis is Ti-6Al-4V.
1.1.2.2 Microstructure
There are three basic microstructure features in titanium alloys. They are the alpha mi-
crostructure of the α phase, beta microstructure of the body-centered cubic β phase and
combination of both that forms beta decomposition. Properties like the strength, fatigue,
ductility, and fracture depend on the α,β grain make-up [7]. In this thesis the word "mi-
crostructure" refers to the macrostructure (grain size and morphology) of the material. The
main focus of this thesis is on the solidification microstructure of the fabricated part in-
cluding the size and morphology of the prior β grains (equiaxed or columnar). Solid state
phase transformations are not included in this work. Effect of microstructural features on
mechanical properties in titanium studied by H. Flower and G. Lutjering have been sum-
marized in Table 1.2.
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Table 1.2: Microstructural effects on mechanical properties in Titanium Alloys [21]
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1.2 Literature Review
1.2.1 Laser-Based Deposition of Ti-6Al-4V
The advent of technology in the manufacturing world within the last few years has helped
solid freeform fabrication to evolve into a direct fabrication technique where metallic com-
ponents are fabricated from computer aided design (CAD) models. The development of any
fabrication technique into a fully developed manufacturing process depends on the ability
of the process to fabricate a wide range of materials which include alloys and composites.
In a study by Griffith et. al. [22] an attempt was made to fabricate different graded and
layered material parts using the LENSTM process. Initial microscopic analysis of the fab-
ricated parts suggested that the microstructure and hardness of the fabricated parts could
be tailored for both graded and layered deposits by changing the powder feed deposition
rates and dense parts could be fabricated by combining different materials (alloys). At the
same time, titanium and its alloys (primarily Ti-6Al-4V) were being considered for the
fabrication of various parts in the aerospace industry. Low buy-to-fly ratio, high strength,
good high temperature properties, and corrosion resistance made Ti-6Al-4V the obvious
choice for both the commercial and military aerospace industry. There were various stud-
ies conducted by Arcella, Abbott and House in 1998 which primarily focused on the mi-
crostructure and the mechanical properties of laser fabricated titanium alloys [23, 24]. A
study carried out by [25] suggested that 50% of the cost and lead time is reduced when fab-
ricating titanium parts by the laser deposition process when compared to parts fabricated
by the conventional manufacturing processes. The mechanical properties of the Ti-6Al-4V
components fabricated by LENSTM were studied by Schlienger et. al. [26, 27] and were
found to exceed the properties of parts manufactured using the conventional processes.
Many studies limited their work to development of fabrication processes for Ti-6Al-
4V by determining the process parameters through a combination of trial and error ap-
proaches [28]. Intial work was carried out by Brice et. al. [29] on the effect of process
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parameters on the deposition of Ti-6Al-4V. The effect of parameters such as laser power,
traverse speed, stand-off distance (laser focus), hatch spacing (line overlap), layer thick-
ness, and powder feed rate on the deposition of Ti-6Al-4V was investigated using a screen-
ing factorial design experiment. The results of this study suggested that the build height
depends on the contributions of the single factors and the porosity depends on the inter-
action between different factors. The study also suggested that in order to obtain an ac-
ceptable deposit, the flow rate of the powder should be supervised. Preliminary studies by
Kobryn and Semitian [28, 30] on the mechanical properties of laser-deposited Ti-6Al-4V
by LENSTM showed the negative effects of porosity on the mechanical properties of the
fabricated material and suggested the elimination of porosity in the build to improve the
properties. The work carried out by Brice et. al. was extended by Kobryn et. al. [28,30] to
show the effects of laser power, traverse speed, and substrate thickness on porosity, build
height, and microstructure of laser-deposited Ti-6Al-4V by LENSTM. A design of exper-
iments approach was employed to design a series of trials. Columnar microstructure was
reported in all the builds with different process parameters. The microstructure observed
was of Widmanstatten pattern and had fine equiaxed alpha particles along the grain bound-
aries and within the grains. It was also found that the grain size increased with an increase
in the incident energy and decreased with increasing traverse speed. Two types of porosity:
lack-of-fusion porosity and gas porosity were observed in the deposits. Porosity was ob-
served to decrease with an increase in power, which was attributed to the remelting of the
powder at higher power levels. Build height was found to decrease with increasing traverse
speed.
Kobryn et. al. [30] conducted a study to determine the relation between the different
processing conditions and microstructural characteristics such as grain morphology, grain
size, microstructure and texture/microtexture. Metal-mold casting and Direct laser fabrica-
tion using the LENSTM machine were used to fabricate different Ti-6Al-4V parts. For the
fabrication of parts using the LENSTM system, a low power Nd:YAG system and a high
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power CO2 based laser system was used. The Nd:YAG system used a ~1 mm diameter
circular beam with a gaussian intensity distribution and a power range of ~750 W, while
the CO2 system used a ~13 mm square beam with an uniform intensity distribution and
power range of ~14 kW. By varying the power and transverse speed deposits were made
on the substrate. The deposits were checked for the prior β grain morphology and size
of the transformed microstructure. Columnar macrostructures were observed in deposits
fabricated by both processing systems (i.e., Nd:YAG and CO2 laser systems). Widmanstat-
ten microstructure with very small equiaxed alpha particles within the grains and along the
grain boundaries was observed in both deposits from the Nd:YAG system and CO2 system
with much coarser grains in CO2 based deposits. Microscopic banding was observed in
both the systems which was attributed to the reheating of the previously deposited mate-
rial. A significant change was observed in the grain width with variations in the power and
traverse speed for the Nd:YAG system. Decrease in grain width with increase in traverse
speed was also reported by this study.
Effect of process parameters such as laser power, traverse speed, and powder feed rate
on the resulting microstructure in laser deposition of Ti-6Al-4V was carried out by Wu
et. al. [31] . This work predicted a columnar microstructure for a large range of powers.
As the power was increased, a transition in the microstructure from the columnar to the
equiaxed grains was observed. With a decrease in the laser speed, an increase in the scale
of the columnar grains was noted. This work concluded that the microstructure in the
laser deposition of Ti-6Al-4V is dependent largely on the directional heat extraction. Kelly
and Kampe [32, 33] tried to understand the evolution of microstructure in multi-layered
laser deposited Ti-6Al-4V parts. Eighteen layers of Ti-6Al-4V were deposited on a 7-
mm-thick Ti-6Al-4V substrate. The size of each layer was 6-mm thick. After the deposit
the sample was polished and etched to reveal the microstructure. The work reported a large
columnar prior β grain morphology which was continuous over the layer band and multiple
layers. The microstructure observed between the layer bands consisted of a basketweave
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Widmanstatten α outlined in retained β phase and within the layer bands a large colony
of acicular α was observed. The work cited the formation of layer bands only during
multiple layer deposits and held thermal effects responsible for the creation of layer-band
morphologies.
A study was carried out by Wang et. al. [34] to assess the feasibility of fabricating
Ti-6Al-4V/TiC composite using LENSTM. The main problem with the fabrication was the
simultaneous feeding of Ti-6Al-4V wire and the TiC powder into the laser. The aim of
the study was to find out the optimum laser processing conditions which would facilitate
the fabrication of Ti-6Al-4V/TiC composite and then to assess the mechanical properties
of the deposit. A 1750W CO2 laser was used with a focal length of 125 mm and scan
speed of 150 mm/min. The microstructure of the fabricated Ti-6Al-4V/TiC consisted of a
basketweave structure with β grains between the neighboring α grains. With increase in
the TiC fractions in the Ti-6Al-4V, unmelted carbides could be seen at higher feed rates of
0.57 g/min. The mechanical properties of the laser fabricated Ti-6Al-4V and the Ti-6Al-4V
+ 8 vol.% TiC when compared at room temperatures showed an increase in the properties
(yield strength, ultimate strength, elastic modulus) of the latter. Further increasing the vol-
ume fraction of TiC to 24% volume led to failure of the composite at low stress levels. The
failure was attributed to the large dendritic primary TiC and unmelted TiC in the lattice.
Increasing TiC volume in the powder feed rate improved the hardness of the Ti-6Al-4V
significantly. The previous work was extended to fabrication of Ti-6Al-4V/TiB composites
by Wang et. al., [35]. The fabrication process was carried out by using a 1750 W CO2 laser
with a scan speed of 150 mm/min. Both Ti-6Al-4V and TiB were taken in powder form
and were simultaneously fed into the molten melt pool. Initial experiments carried out to
find the optimum processing conditions for the fabrication of homogenous parts resulted
in unmelted Ti-6Al-4V and TiB in some regions for a laser power of 755 W. Once the op-
timum conditions were achieved, homogenous samples were prepared for mechanical and
microstructural analysis. Scanning electron micrographs showed the needle-like borides
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distributed uniformly in the Ti-6Al-4V matrix for both 5 and 10 wt.% TiB2 deposits. The
microstructure of the composite consisted of equiaxed and platelet α phase and β phase
rather than a widmanstatten microstructure which was observed in all the other previous
deposits [25, 28, 30–34]. The width of the borides became wider and longer with an in-
crease in the volume of the boride in the composite. Mechanical testing of the composites
revealed an increase in the yield and ultimate strength with sufficient ductility combined
with increased hardness and wear resistance. The properties of the Ti-6Al-4V/TiB com-
posite when compared with the Ti-6Al-4V/TiC composite showed an increase in the wear
resistance of the former. The paper attributed the wear of Ti-6Al-4V (100%) on the com-
bined effects of adhesion, plastic deformation, and abrasion where as much of the wear in
Ti-6Al-4V/TiB composite was attributed to micro-grooving.
1.2.2 Determination of Thermal Conditions in Laser-Based Deposi-
tion
Works carried out by several researchers [7–9, 22, 26–31, 36] stated that the prediction and
control of microstructure in laser based fabrication is dependent on the thermal conditions
at the onset of solidification. For the fabrication of components with particular properties a
complete understanding of the thermal history and thermal behavior is required [37]. Stud-
ies have been carried out from time to time in order to understand and analyze the on-going
thermal behavior during the deposition process. Griffith et. al. [37, 38] carried out a study
to understand and monitor the thermal behavior in the LENSTM process. Type C thermo-
couple wires of 10 µm were used for measuring the temperature during the deposition of
H13 Tool Steel using a 200 W laser with a speed of 6 mm/s. It was observed that the heat
from the subsequent pass was reheating the previous layers of deposited material therefore
increasing the temperature of the deposited layers. This phenomenon was observed even
also after the deposition of the forty second layer of H13 Tool Steel of thickness 0.125 mm.
This successive reheating of the layers has an impact on the fabricated part properties such
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as the residual stress and the strength which are caused due to tempering or aging effects.
The initial hardness tests suggested that the hardness of the sample decreased as the sample
is examined from the top to the bottom. The decrease in the hardness was attributed to
the reheating of the bottom layers successively when compared to the top layers which did
not under go reheating. There was an effect on the hardness of the fabricated part when
using different traverse velocities of the laser. The hardness value increased when using a
laser with higher velocity. Non-invasive thermal imaging and high speed visible imaging
techniques were used to investigate the temperature profiles and gradients.
Analytical models were developed by Dykhuizen and Dobranich [39–41] to explain
the thermal behavior in the LENSTM process. Prior research showed that the convective
and the radiative heat losses from the melt pool surface were small when compared to the
conductive heat losses in the fabricated part. The analytical models developed were based
on the Rosenthal solution for a moving point source of heat. The study by Dykhuizen
and Dobranich in [40] showed that the thermal histories (cooling rates) can be varied by
changing the different process parameters and material properties of the fabricated part
can be altered by changing the process parameters in an optimum way. In his research to
understand the thermal behavior of the LENSTM process, Hofmeister et. al. [9,42] coupled
thermal imaging along with microstructural analysis and finite element modeling. In that
research, thermal images of the molten melt pool were analyzed to determine the cooling
rates and thermal gradients. Thermal images were taken by a simple radiation pyrometer
in which the pixels were calibrated for temperature measurement.
A study was carried out by Ye et. al. [43] to understand the thermal behavior in the
LENSTM process using finite element method (FEM) simulations. The study showed that
the temperatures around the molten pool change sharply and decrease as they move away
from the molten melt pool. A finite element model was developed by Wang and Felicelli
[44] to compute the temperature distribution in the deposition of SS316 using LENSTM
process. Calibration of the numerical model was done using experimental data from [9].
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The model was then used to estimate the heat loss due to convection and radiation along
the top surface of the model. No change was observed in the heat flux due to convection
along the surface, but the magnitude of the heat flux due to convection around the melt pool
was higher when compared to other locations. The heat flux due to radiation was observed
to be of high value near the melt pool. The total integrated heat loss due to convection and
radiation was calculated as 7.5 W for a sample of thickness 1 mm and laser power of 275
W. For an absorption coefficient of 0.3, total of 7.5 W i.e. 9.1% of the heat was lost due
to convection and radiation and the remaining due to conduction. The study showed that
small changes in the thermal conditions do not effect the melt pool significantly as 90% of
the total laser energy is carried away from the melt pool by conduction.
A three-dimensional numerical model was developed by Wang et. al. [44] to study the
temperature and phase evolution in the fabrication of SS410 using the LENSTM process.
The model was developed by using a commercial software package SYSWELD, which
takes temperature dependent material properties and phase transformations into consider-
ation. The optimum power required to keep the molten melt pool size constant during the
deposition process was determined. A recent study was carried out by Zheng et. al. [45,46]
to study the thermal behavior in the LENSTM process by using the alternate-direction ex-
plicit (ADE) finite difference method (FDM) in the deposition of 316L stainless steel. The
model showed a rapid quenching effect in the starting stages of deposition and it was ob-
served to decrease with increasing thickness and finally disappeared. The high quenching
effects in the starting stages were attributed to the use of a cold substrate. An increase
in the temperature of the deposited material with increasing thickness was also observed.
In order to avoid the cracking that develops near the substrate due to the induction of high
thermal stresses (result of high cooling rates), a preheated substrate was analyzed and found
to be less susceptible to cracking. In his recent study Yin et. al., [47] tried to develop a
two-dimensional multi layered finite element model for SS410 to capture the thermal be-
havior and melt pool size. The aim of the study was to identify the conditions under which
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the two-dimensional model would give similar results to a three-dimensional model and
to identify the cases in which the two-dimensional model cannot capture the effects of the
three-dimensional model. Intial results suggested that a 2D model can capture the results
of a 3D model provided the power coefficient is calibrated. The 2D model was not able
to capture the actual effects of the substrate nor its sizes and hence the same model can-
not be used to investigate the effects of different substrates as there are higher heat losses
developed in a 3D substrate.
A recent study was conducted by Novakov et. al. [48] to understand the effect of
process parameters on the porosity and density of the fabricated part using the LENSTM
system. The process parameters which were taken into consideration were the laser power,
scan speed, hatch/raster spacing and powder feed rate. Powdered stainless steel 316 was
used along with a LENSTM 750 machine. Porosity (both density and size) was observed to
decrease with increasing laser power. This can be attributed to the fact that with high laser
power, the melt pool increases and with a bigger melt pool, much of the powdered metal
melts and solidifies , thus resulting in a fully dense structure. At low power (125 W), there
was a predominant effect of powder feed rate on the pore size. Higher feed rates resulted in
the obstruction of the deposition process as they tended to push the semi-melted particles
out of the melt pool and subsequently increase the porosity size.
1.2.3 Thermal Modeling in Laser-Based Deposition
There has been a lot of research carried out in laser-based deposition processes. It started
with the experimentation part in which various experiments were carried out to study the
microstructure of the fabricated parts, as well as the mechanical and thermal properties
of the build. Later, analytical and numerical models were developed to study the effects
of process parameters and the thermal behavior in laser based deposition processes by
using simulation-based methods. Over the past few years, simulation based methods have
been used to predict and analyze the microstructure related issues in laser-based deposition
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processes.
A study was carried out by Beuth and Klingbeil [49] to understand the effect of process
variables on the solidification microstructure in laser based direct metal fabrication. A new
approach was developed using nonlinear thermo-mechanical finite element simulations to
relate the key deposition parameters to the process variables. The results from the simula-
tions were mapped onto relevant non-dimensional plots known as process maps. Process
maps for controlling the melt pool size and process maps for thermal gradients which con-
trol the maximum residual stress were developed for thin walled structures. Vasinonta in
his work [5,50] developed process maps for studying the effects of changes in wall height,
laser power, deposition speed and base preheating on the melt pool size and thermal gradi-
ents, for developing a build with steady properties and to limit the residual stress in the final
builds. Process maps were developed for both the 2-D thin walled and bulky 3-D geome-
tries by a combination of analytical and numerical approaches. The Rosenthal solution was
used for the analytical approach and thermo-mechanical finite element modeling was used
for the numerical methodology. Results from the process maps suggested a minimal effect
on the melt pool size due to the base preheating, whereas a reduction in the residual stress
was observed when the base was preheated. Small changes in the melt pool size due to
preheating of the base were said to be controlled by changing the laser power and velocity.
Kobryn and Semiatin [28, 30] developed a finite element model of a single laser pass
using ProCASTTM. Thermophysical properties of the substrate material were given as
inputs. From the simulation, thermal gradients and solidification rates were extracted. For
the Nd: YAG and CO2 laser, points were extracted and were set on the solidification map
which was developed for Ti-6Al-4V. The predicted grain morphologies by FEM were in
agreement with the observed grain morphologies. Both the models predicted a columnar
microstructure for the Nd: YAG laser pass and a mixed grain morphology for the CO2 laser
pass.
In his work Brown [7] modeled the solidification microstructure (grain size and mor-
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phology) in laser based fabrication of Ti-6Al-4V by using 3-D finite element modeling.
Finite element modeling was done using ProCASTTM, whereas cellular automation mod-
eling of solidification microstructure was carried out using CAFE3DTM. The solidification
parameters required for the CA modeling of the microstructure for Ti-6Al-4V were studied
and reported in his work. Using the solidification parameters along with the finite element
modeling, Brown investigated the effect of changes in the process variables (laser power
and velocity) and size-scale (low power and high power) on the resulting microstructure
(grain size and morphology). The fraction of absorbed power was determined to be α=
0.35 for the fabrication of Ti-6Al-4V using LENSTM by comparison of the predicted and
the observed melt pools. The predicted and the observed microstructures from experiments
were found to be in good agreement with each other.
Gaddam [36] studied the effects of process variables on the solidification microstructure
for both small scale and large scale bulky deposits of Ti-6Al-4V by LENSTM. Gaddam tried
to overcome some of the limitations from previous work [7] by modeling a curvilinear melt
pool, and by applying boundary conditions to the melt pool to simulate 3-D heat transfer.
The boundary conditions were taken from the 3-D Rosenthal solution.
Bontha [8, 51, 52] investigated the effects of process variables and size-scale on the
resulting microstructure in laser based deposition of Ti-6Al-4V for both thin walled and
bulky deposits. Both analytical and simulation based approaches were used to estimate the
effects of process variables on the microstructure. The Rosenthal solution was used for
the analytical approach and the thermo-mechanical finite element analysis was used for the
numerical. Process maps that relate solidification cooling rates and thermal gradients to
the process variables (laser power and velocity) were developed for both the thin walled
and bulky deposits. Results from the process maps were then plotted onto calibrated so-
lidification maps for Ti-6Al-4V to predict the microstructure (grain size and morphology).
Rosenthal results were found to be in good agreement with the nonlinear FEM results, even
though the Rosenthal results neglect the non-linearties of temperature dependent properties
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and latent heat. Results from Bontha’s work showed that there is an effect of the pro-
cess variables on the solidification microstructure. In particular increasing the power shifts
the microstructure towards the mixed/equiaxed region, whereas increasing the laser veloc-
ity shifts the data toward the fully columnar region. The effect of the beam width on the
melt pool length, depth, solidification cooling rates and thermal gradients were also studied
and the results were plotted onto solidification maps for observing the trends in the grain
morphology. The transient effects near the free edges were also investigated for both thin
walled and bulky deposits by using finite element analysis.
1.2.4 Electron Beam Manufacturing
Electron Beam Manufacturing (EBM) is a new fabrication process which is currently in
the stage of development. One such process (EBF3) is being developed at NASA Lang-
ley Research Center. Till now, the EBF3 process has been used to fabricate parts made of
aluminum, titanium, and nickel based alloys. Taminger and Hafley [4, 14, 53] carried out
an study to understand the process and the resulting microstructures in the deposition of
2219 Aluminum and Ti-6Al-4V. Different parts were fabricated by using different process
parameters such as translation speed, beam power, and wire feed rates to assess the effect
of process parameters on the mechanical properties of the build. Microstructure in 2219 Al
varied from a fine-grain equiaxed structure to a larger grain size and dendritic grown mi-
crostructure. Band formation was observed in the microstructure. The light bands formed
in the interpass region are dendrites which were formed due to the reheating of the already
deposited layers. A decrease in the width and height of the deposited layer was observed
due to an increase in the translation speed. A smaller equiaxed microstructure was observed
for higher translation speed and wire feed rates. There was a change in the grain structure
observed, which was due to the higher cooling rates at higher translation and feed rates. At
higher feed rates a homogenous microstructure with no dendrite growth in the interpass re-
gion was reported. There were no major differences found in the mechanical properties of
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2219 Al fabricated by EBF3 TM process when compared with as-deposited and heat treated
2219 Al. The Ti-6Al-4V microstructure consisted of large columnar grains which were
found to grow epitaxially from the substrate. The typical alpha-beta laths were observed
in the microstructure of the α + β titanium alloys at higher magnifications. The mechani-
cal properties of the Ti-6Al-4V builds were found to be much better than that of wrought
products. For the effective functioning of any fabrication system, control and selection of
the correct processing parameters is required. All the processing parameters which are be-
ing used now have been empirically derived. It was suggested that adding an integrated
feedback system would help to achieve a better control over the build.
Seufzer and Taminger [54] tried to study the advantages of a closed loop control system
over the open loop and the course feedback systems for an electron beam welder which was
to be used for space-based additive manufacturing. Three different feedback systems were
studied for use with the electron beam fabrication setup. In the feed forward or open-
loop feedback system, the electron beam control parameters were set manually and the
electron beam followed the path given to it to produce a part. The major disadvantage
in this process is the requirement of a human expert in the starting stage to select the
initial input parameters through a combination of trial and error and experience. Constant
attention by a human operator in every stage of the build to make adjustments to the process
parameters can lead to a fine build. In the course feedback method, a feedback system and
a comparison function are added to the process. The initial information is given to the tool
head and it starts to build the layers. Once a few layers have been deposited, the height
of the build is fed back into the system so that the processing parameters can be changed
to accommodate any changes in the height of the build. A complete understanding of the
processing parameters is necessary to make the required adjustments. In the fine feedback
method, sensors and controllers are placed in the system to relay the information back to
the system in real time. Once a layer is deposited, information regarding the layer is passed
to the system and immediate corrections are made based on the information provided by the
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feedback system. The different parameters which can be monitored are melt pool geometry,
height of the build, and melt pool temperature.
Hafley et. al. [16] studied the use of an electron beam freeform fabrication technique in
the space environment under 0 g conditions. The main aim of the study was to understand
the effects of gravitational forces on the EBF3 process and the resulting microstructure in
near 0 g conditions. The experiments were carried out in a microgravity research aircraft
which was used to simulate the condition of 0 gravity. Deposits using the same processing
parameters were also developed on Earth (1 g conditions) for comparison. A portable EBF3
system with a beam power of 3-5 kW and an acceleration voltage of 10-30 kV was used. An
aluminum alloy (Al2319) was used for the deposits, whereas aluminum alloy (Al2219) was
used as a substrate. Intial tests suggested that a perfect build is possible in 0 g conditions if
the correct distance between the wire and the substrate is maintained. In the 0 g conditions,
the surface tension and the wetting forces are important factors which affect the molten
region. Tests were also conducted to find out the effects of changing wire feed direction on
the melt pool in the 0 g conditions. Microstructural analysis of both the deposits ( 0 g and
1 g ) showed columnar grains originating at the bottom of the melt pool. No porosity was
observed in the deposits made under 0 g conditions.
A factorial experiment was carried out by Wallace et. al. [55] to study the effects of
different processing parameters on the fabrication of Ti-6Al-4V using EBF3. The different
factors taken into consideration were the beam voltage, beam current, translation speed,
wire feed rate, and beam focus. A Design of Experiments (DOE) approach was used to
design a two-level experiment to study the effects of the above said parameters on the
resulting builds. A total of 16 parts were fabricated by changing the various process pa-
rameters to study the effects on the parameters of the builds. Marginal mean plots and
pareto diagrams were used to assess the importance of the parameters. Translation speed
was found to be the most important parameter which was affecting not only the height and
the width of the final deposit, but also the total heat input during the process. The effect was
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attributed to the change in the deposited volume of material per unit length with changes in
the translation speed. Current and voltage were found to affect the stack height and width,
with an increase in the voltage or current leading to an increase in the width and decrease
in the height of the stack. An increase in the wire feed rate influenced the stack height but
had a minimum effect on the stack width. Beam focus was observed to have the least effect
among the five. Changing or varying the beam focus did not change the stack height and
width much when compared to the other parameters.
A recent study was conducted by Murr et. al. [56] to compare the mechanical behavior
of Electron Beam Melting (EBM) fabricated Ti-6Al-4V components with the correspond-
ing cast and wrought components. These fabricated parts were being used for orthopedic
joint replacements (hip and knee joints). The ARCAM EBM S400 system was used to fab-
ricate the Ti-6Al-4V components. Layers with a thickness of 100 µm were fabricated using
Grade 5 Ti-6Al-4V powder. Under comparison, the mechanical properties of the EBM fab-
ricated parts were found to be far superior to those of the wrought and cast products. The
tensile strength for the EBM fabricated part had a range of 1 to 1.45 Gpa, which was 50%
higher than the wrought and the cast products. There was also an increase in the engineer-
ing offset yield stress and the hardness of the fabricated part, which leads to the conclusion
that electron beam manufacturing can be well suited to produce orthopedic implants.
1.3 Need for Current Work
Previous work done by Vasinonta et. al. [5, 50] and Bontha et. al. [8, 51, 52] suggests that
there is a prominent effect of the process variables on the thermal conditions and result-
ing microstructure of the manufactured product. The effect of the process variables was
determined by using a combination of analytical and numerical approaches. This thesis
mainly draws its motivation from the work done by Bontha et. al. [8, 51, 52] in the field
of lased based deposition process simulation. Process maps were developed to study the
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effects of process variables on solidification cooling rates and thermal gradients (key fac-
tors controlling the microstructure). Solidification maps were generated to predict trends
in microstructure for Ti-6Al-4V builds with changes in the process variables. Bontha’s
work focused on generation of process maps for both 2-D thin walled structures and 3-D
bulky geometries for the Rosenthal conditions and generation of solidification maps for the
above said geometries for both temperature-independent and temperature-dependent mate-
rial properties. However, the Rosenthal solution is only valid when the height, h and length,
L of the model are sufficiently large (i.e., semi-infinite structures). The main aim of this cur-
rent thesis is to study the effects of changes in the process variables on the non-Rosenthal
geometries (i.e., geometries having finite length and height). The specific contributions are
as follows:
• Generation of thermal process maps to study the effects of changes in model height
and process variables (beam power and beam velocity) on the cooling rates and ther-
mal gradients for 2-D thin walled models with both temperature-independent and
temperature-dependent material properties.
• Generation of thermal process maps to study the effects of changes in the model
length and process variables (beam power and beam velocity) on the cooling rates
and thermal gradients for 2-D thin walled models with both temperature-independent
and temperature-dependent material properties.
• Generation of solidification maps to predict the microstructure for changes in the
model height and process variables (beam power and beam velocity) for 2-D thin
walled models with both temperature-independent and temperature-dependent mate-
rial properties.
• Generation of solidification maps to predict the microstructure for changes in the
model length and process variables (beam power and beam velocity) for 2-D thin
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walled models with both temperature-independent and temperature-dependent mate-
rial properties.
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Chapter 2
Thermal Process Maps, Solidification
Maps and FEM Modeling
2.1 Process Maps
In 1946 a theory was developed by D. Rosenthal for flow of heat due to a moving point
heat source [57]. It was applied to welding in the initial stages but later on it was used
to understand the flow of heat in laser based fabrication processes [5, 8, 39–41, 50]. The
Rosenthal solution was used to understand the relation between the changes in cooling
rates and thermal gradients with respect to the changes in process variables (laser power
and velocity) [8]. The different and most important assumptions in the Rosenthal solution
are the point heat source, temperature-independent physical properties and the application
of the heat source to a semi-infinite geometry.
Vasinonta and Beuth [5, 50] used the Rosenthal solution to identify dimensionless pro-
cess variables which would help in understanding the thermal conditions in laser based
fabrication. A new approach was developed to relate the key deposition parameters to
the process variables. The results from these simulations were mapped onto relevant non-
dimensional plots know as process maps. Using a similar approach, Bontha [8] developed
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process maps to study the effect of process variables on solidification cooling rate and ther-
mal gradient (two important factors in controlling microstructure) in laser based fabrication
processes. This thesis makes use of Bontha’s dimensionless equations of cooling rate and
thermal gradient for developing process maps which show the effect of changes in length
and height of the finite model on the solidification microstructure with respect to changes
in process variables.
2.1.1 Development of Process Maps from Rosenthal Solution for Thin
Walled 2-D Geometry
A representative 2-D thin walled model which is built using the beam-based deposition is
shown in Figure 2.1. For the thin walled geometries it is assumed that the thickness b is
much less than the length L and height h of the model, such that the steady-state Rosenthal
solution for a moving point heat source on an infinite half space can be applied.
Figure 2.1: 2-D thin walled model [8]
The two key important parameters which affect the microstructure are αQ, which is the
absorbed power and V, which is the velocity of the heat source [8]. The relative coordinates
(x0,z0) represent the location of the moving point heat source at any time t and they are
related to the spatial coordinates (x,z) by (x0,z0) = (x-Vt, z).
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The Rosenthal solution for flow of heat in a semi-infinite thin plate is given as
T −T0 =
αQ
πkb
e−λV x0K0(λV r). (2.1)
In the above equation, T0 is the initial temperature of the solid , αQ is the absorbed laser
power, V is the speed of the source, K0 is the modified bessel function of the second kind
order zero, k is the thermal conductivity, b is the thickness of the model, r =
√
x20 + z
2
0 is
the radial distance from the heat source, 1/2λ is thermal diffusivity of the metal, and T is
the temperature at a location r from the heat source. By definition λ = ρc/2k, where ρ ,c,k
are the mass density, specific heat and thermal conductivity respectively [5, 8, 50, 51].
The equation given by Rosenthal for a 2-D thin walled model was converted into di-
mensionless form by Vasinonta and Beuth as
T = e−x0K0(
√
x20 + z
2
0), (2.2)
where
T =
T −T0
αQ
πkb
, x0 =
x0
2k
ρcV
, and z̄0 =
z0
2k
ρcV
. (2.3)
Note that the variables defined above are given in terms of absorbed beam power αQ and
velocity V, the two key process variables of interest.
The equation given by Vasinonta and Beuth was further differentiated to get the di-
mensionless cooling rate and thermal gradient by Bontha [8]. The relation between the
actual cooling rate and the dimensionless cooling rate, actual thermal gradients and the
dimensionless thermal gradients were given as
∂T
∂ t
=
(
2πk2b
αQρcV 2
)
∂T
∂ t
(2.4)
and |∇T |=
(
2πk2b
αQρcV
)
|∇T |. (2.5)
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Figure (2.2) shows the process maps developed by Bontha [8, 51] for thin walled
geometries. Values of dimensionless cooling rate and dimensionless thermal gradient
were calculated along the boundary of the melt pool at the onset of solidification. The
dimensionless values are then used for developing the process maps.
Figure 2.2: Process Maps for Thin-Wall Geometries [52]
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2.2 Development of Solidification Maps for Thin-Walled
Ti-6Al-4V 2-D Geometry
Solidification maps were developed to predict the grain morphology in cast Ti-6Al-4V
parts [28, 30]. Using this data, the map was divided into three regions by solid and dashed
lines [28]. These lines are known as Hunt-criterion boundary lines [28, 30]. The three de-
marcated areas represent the different grain morphologies observed in Ti-6Al-4V. They are
regions of equiaxed, mixed and columnar microstructure. These maps have been used to
predict the grain morphology (orientation) in parts fabricated using laser-based techniques.
Solidification maps are mapped using the thermal gradient (G) and the solidification ve-
locity (R) data. The value of R is determined using the solidification cooling rate and the
thermal gradient determined from analytical and numerical models [8,51,52]. Figure (2.3)
shows a representative solidification map developed by Bontha for 2-D thin-wall geome-
tries.
(R =
1
G
∂T
∂ t
). (2.6)
Figure 2.3: Solidification Map Developed for 2-D Rosenthal Geometries [8]
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2.3 Finite Element Modeling
In order to simulate the deposition of thin-walled Ti-6Al-4V builds using beam-based fab-
rication, thermal finite element modeling is used. In this thesis, a parametric modeling
approach is used to develop finite element models for different geometries with varying
heights and lengths of the build. Previous researchers [5, 8] successfully used finite ele-
ment modeling to study the affects of process variables on the thermal conditions effecting
the microstructure in beam-based deposition. The modeling approach used in this thesis is
similar to the one used by Vasinonta et. al. [5] and Bontha et. al. [8] in their study of melt
pool size, residual stresses and microstructure in thin-walled and bulky structures.
The thin walled geometry shown in Fig. (2.1) is considered in this section. Thin walled
structures of these type are commonly built using the LENSTM system. In this model, the
thickness of the wall b is assumed to be small compared to the the length L and height h
of the build [8]. Instead of the actual material addition, a laser glaze on top of an existing
geometry of varying length and height is being modeled. It is also assumed that the length
L and height h of the model are large enough for the 2-D Rosenthal solution for a point
source traversing an infinite half-space to be valid. Work by previous researchers [39–41]
suggested that the heat transfer or flow due to convection (from free wall surfaces to the
surrounding air and within the melt pool), radiation (from the surface of the melt pool) and
evaporation (of the molten metal) was very small when compared with the heat transfer
due to conduction. In the FEM models used in this thesis, the heat flow due to these factors
(convection, radiation and evaporation) has been neglected and the vertical walls and the top
surface have been insulated (q = 0). Previous research has shown that the heat source can
be modeled as a point heat source, thereby neglecting the distribution of power, provided
the size of the melt pool is large enough when compared to the width of the heat source
(laser) [5]. The temperature of the bottom surface of the model has been kept constant at
room temperature, which is appropriate for deposition of a thin wall on a comparatively
large substrate.
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The FEM models used in this thesis do not include material addition (powder feed into
the molten melt pool) during the application of heat source. The effect of material addition
is grossly compensated for by the fraction of the absorbed laser power α . It represents
the energy of the heat source which is being used for melting the powder feed, as well
as that lost of convection, evaporation and radiation, and from previous research has been
approximated as 35% [5,7]. The commercial software package ABAQUS has been used for
the finite element modeling. Four noded bi-linear thermal elements have been used in the
model, which is in keeping with previous work [5, 8]. In FEM, the laser based deposition
is simulated as an application of a part heat source αQ along the nodes, which occurs at
regular intervals corresponding to a constant velocity V. The time period for which the load
has to be applied is calculated using the distance between the nodes and the velocity of the
source V.
Figure 2.4: Representative Mesh Contour for a 2-D thin walled model developed using
FEM
A representative mesh is shown in Fig (2.4). The thermal history at the center of the
model is independent of the vertical edges as the source is far away. A refined mesh has
been used in the center of the model to extract the steady-state cooling rates and thermal
gradients at the onset of solidification as a function of depth within the melt pool.
2.3.1 Parametric Modeling
The main aim of this thesis is to investigate the effects of finite geometry (non-Rosenthal)
and associated non-steady state changes in process variables (beam power and velocity)
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on the thermal conditions controlling the microstructure (grain size and morphology). The
FEM model used in this research Fig (2.4) has been validated using the analytical Rosen-
thal solution by employing temperature-independent properties. Once the FEM model was
validated, finite models were developed for different heights and lengths of the build us-
ing parametric modeling. A python script was developed, which when run generates the
complete FEM model, with all the boundary conditions and pre-sets as discussed above.
The python language has been used with the ABAQUS scripting interface to create
finite geometries. In the python code, the length L, height h of the model and the other
process parameters of interest have been globally defined. For making models with differ-
ent finite geometries and different process parameters (beam power and velocity), only the
L, h and the process parameters had to be changed. The python code generated models in
ABAQUS to be solved with the different process parameters and the geometries specified
in the code. The data was then extracted from the nodes in the center of the melt pool along
the depth of the melt pool.
Figure 2.5: Temperature contour plot for Q = 682W and V = 8.47mm/s
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2.3.2 Extraction of Cooling Rate and Thermal Gradient from FEM
models
Representative results for the temperature distribution are shown in Fig (2.5). After the
model is solved in ABAQUS, the temperature history data is extracted for the nodes along
the depth of the melt pool to calculate the cooling rate and thermal gradient at the onset
of solidification. The cooling rate is determined at the nodes through the depth of the melt
pool as [8]
∂T
∂ t
=
∣∣∣∣∣
TS−TL
tS− tL
∣∣∣∣∣. (2.7)
In the above equation tS and tL are the respective times at which the temperature reaches
TS and TL, which are the solidus and the liquidus temperatures respectively for the material
used (Ti-6Al-4V). The temperature time history files are used to determine the time at
which the temperature reaches the solidus (1620oC) and liquidus (1654oC) for a particular
node and are used to compute solidification cooling rate. Solidification thermal gradient is
calculated from the nodal heat flux output at t = tL using the Fourier’s law shown as
G = |−→∇ T |= |
−→
q|
k
. (2.8)
In the above equation , |−→q |is the magnitude of the heat flux vector and k is the thermal
conductivity of the material at t = tL.
The cooling rate and the thermal gradient obtained from the FEM models Eqs (2.7) and
(2.8) are then used to develop solidification plots (G vs R) to predict the trends in grain size
and morphology for different builds and process parameters.
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Chapter 3
Effect of Height on Solidification
Microstructure
As discussed in section (2.3.1), parametric models were used to study the effect of height on
solidification microstructure for both temperature-independent and dependent models us-
ing Ti-6Al-4V material properties. An existing numerical model developed by Bontha [8]
was verified against the Rosenthal model for different process parameters (beam power and
velocity). Once the model was verified, it was then used as the benchmark and the succeed-
ing models were developed by decreasing the height and changing the process parameters
of interest. Mesh convergance studies were conducted on the models with temperature-
independent properties to check for any changes in the cooling rates and thermal gradients
by increasing the number of elements by a factor of 2 in both x and z directions. The re-
sults were then compared against the analytical Rosenthal solution. The results from the
numerical models were in good agreement with the Rosenthal solution. The cooling rates
and the thermal gradients from the models with different heights were then used to develop
dimensionless process maps and solidification maps to predict the grain morphology.
Process maps have been developed to study the effect of finite geometry and process
parameters as a function of relative depth within the melt pool z0zm (normalized depth),
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where zm is the deepest extent of the melt pool for a given value of T m. Normalized depth
of the melt pool is between 0 and 1 (0 ≤ z0zm ≤ 1). In order to understand the effect of
finite geometry, two new dimensionless variables have been introduced as suggested by the
Rosenthal solution. They are the normalized wall height (h) and normalized wall length
(L) [5]:
h =
(
h
2k
ρcV
)
and L =
(
L
2k
ρcV
)
. (3.1)
In the above equation ρ, c, k are the density, specific heat and conductivity of the material
and V is the velocity of the heat source. The normalized melting temperature (T m) used
by Bontha for determining out the dimensionless cooling rate and thermal gradient at the
onset of solidification is being used in this thesis. The dimensionless melting temperature
varies with the beam power αQ as
T m =
(
Tm−T0
αQ
πkb
)
. (3.2)
In equation (3.2), Tm is the melting temperature, T0 is the initial temperature of the thin
wall, αQ is the fraction of absorbed beam power and k,b are the thermal conductivity and
thickness of the wall, respectively.
The beam powers considered in this work are 2014W,1007W,504W,351W with a con-
stant beam velocity of 8.47mm/sec. This range of powers spans between the small scale
(LENSTM) and the larger scale processes for deposition of thin-wall geometries of Ti-6Al-
4V.
Using temperature-independent material properties, room temperature models with fi-
nite height were developed using equation (3.1). The cooling rate and the thermal gradient
values were then compared with the Rosenthal solution to check if the model was a finite
height model or an infinite one. Once a numerical model with finite height was recognized,
subsequent models were developed by decreasing the height in comparison to the previous
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one. Figure (3.1) shows meshed numerical models with different finite heights.
Figure 3.1: Numerical Models with different finite heights developed using ABAQUS
3.1 Development of Process Maps for Finite Height Thin-
Walled Models
Four different values of T m were considered. For the case of temperature-independent
properties at T = 1654oC, these compared to beam powers of 2014W,1007W,504W,351W .
These powers span within the range of small-scale and large-scale processes. Normalized
melting temperature was calculated using the beam powers and found to be 0.5, 1.0, 2.0 and
2.87, respectively. For each Tm, temperature-independent models were verified against the
existing Rosenthal solution. After developing a finite height model, remaining numerical
models were developed by reducing the height of the preceding model. The height of the
models developed varied anywhere from 8mm to 1mm, which is the typical height of the
builds manufactured using the LENSTMsystem. The process maps developed from finite
height numerical models were solved using 25oC properties.
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Figure 3.2: Effect of Finite Height on the Cooling Rate
Figures (3.2) and (3.3) show the effect of finite height on dimensionless cooling rate and
thermal gradient. It is seen that there is a significant effect of finite height on the dimen-
sionless cooling rate and dimensionless thermal gradient for different T m (beam power),
which in turn affects the microstructure. The dimensionless cooling rate and thermal gra-
dient are observed to increase with decreasing finite height. This can be attributed to a
constant room temperature boundary condition at the bottom of the build. The bottom sur-
face is always kept at constant room temperature, which is reasonable for the addition of
thin wall features on comparatively large substrates. As the height of the model decreases,
the melt pool starts moving towards the bottom surface. As the melt pool approaches the
bottom surface, heat is conducted out of the bottom surface in order to satisfy the constant
temperature boundary condition. This act of quick conduction leads to a decrease in the
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size of the melt pool and a subsequent increase in the cooling rate and thermal gradients.
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Figure 3.3: Effect on Finite Height on Thermal Gradients
A significant effect on dimensionless cooling rate and thermal gradient was also ob-
served with changes in T m (beam power). Increasing the T m (decreasing beam power), led
to an increase in the dimensionless cooling rate and thermal gradient. This is in accordance
with the process maps results of Bontha [8] for dimensionless cooling rate and thermal gra-
dient. As the beam power decreases, the relative effect of finite height on cooling rate and
thermal gradient was also observed to decrease. Only four different finite heights were used
to develop the process maps for Tm = 2.87, as the dimensionless cooling rate and thermal
gradient were relatively insensitive to the changes in the height of the build for that case.
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3.2 Effect of Finite Height on Solidification Microstruc-
ture
Solidification maps were developed to study the effect of finite geometry and beam power
on the final solidification microstructure. The same beam powers and geometries which
were used for development of process maps were used for this study. Nonlinear FEM
results were developed and included the temperature-dependent properties along with latent
heat for Ti-6Al-4V [8]. For both cases, the fraction of beam power absorbed was kept
constant (α = 0.35). The velocity of the beam was kept constant at 8.47mm/s. Linear
FEM models were developed by extracting the data points obtained from the dimensionless
process maps. The normalized cooling rate and thermal gradient values from the process
maps were converted into actual cooling rate and thermal gradient at the given beam power
by using the temperature-independent properties at 1654oC per equation 2.7.
Figure (3.4) shows the effect of finite height and beam power for nonlinear FEM mod-
els. The nonlinear models were developed using temperature-dependent thermophysical
properties of Ti-6Al-4V. For a fixed T m (fixed beam power), a decrease in height of the
build tends to push the data from the fully equiaxed and mixed region toward the fully
columnar region. The same effect is observed for a fixed height and decrease in beam
power. The spread in the data shown in the figure can be attributed to the nonlinear mate-
rial properties used for developing these models.
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Figure 3.4: Solidification Maps from Nonlinear FEM Results
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Figure 3.5: Solidification Maps from Linear FEM Results
Figure (3.5) shows the effect of finite height on solidification microstructure for linear
FEM models. For the purpose of comparison of solidification maps, only those normalized
heights which fall in the range of temperature-dependent property models were plotted on
the G vs R space. Compared to the nonlinear models, a similar effect was observed on the
grain morphology due to the height of the build. For a fixed T m (beam power), decreasing
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height tends to shift the microstructure from the fully equiaxed and the mixed region to the
fully columnar region. For a fixed height of the model, decreasing power (increasing T m)
tends to shift the data from the equiaxed and the mixed region to the fully columnar region.
The shift can be attributed to the increase of cooling rate and thermal gradient with the
decrease of height and decrease of beam power. The results obtained from process maps
can be used to explain the trends observed in solidification maps. With the decrease in
height, the cooling rate and thermal gradient values increases. The increase in the thermal
gradient value moves the data points towards top in the G vs R space, whereas the effect
of increasing cooling rate and gradient on the solidification velocity tends to cancel out.
(R = (1/G)(∂T/∂ t)). These results are in accordance with the results observed from the
solidification maps plotted using temperature-dependent properties, and demonstrate the
utility of the dimensionless results in figures (3.2) and (3.3).
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Chapter 4
Effect of Length on Solidification
Microstructure
Parametric modeling has been used to study the effect of length of the build on the final
solidification microstructure for both temperature-independent and dependent models using
Ti-6Al-4V material properties. Modeling was carried out in a similar way as recorded in
the previous chapter. The height of the build was kept constant and the length was changed
until a finite length was recognized (in comparison to the Rosenthal solution). Once a finite
length was known, subsequent models were developed by decreasing the finite length of
the model until a significant change was observed. A fine mesh (biased) was created in the
center of the model (from where results were extracted), to capture the precise changes in
the melt pool. As the length of the model was changed, the mesh in the middle was kept
constant. A minimum resolution of 10 x 10 elements (x and z directions) was provided
within the melt pool for a reasonable prediction of the values [8, 51, 52]. The cooling rates
and the thermal gradients from the models with different lengths were then used to develop
dimensionless process maps and solidification maps to predict the grain morphology.
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Figure 4.1: Representative meshes of numerical models with different finite lengths devel-
oped using ABAQUS
Process maps for the effect of normalized length on normalized cooling rate and ther-
mal gradient were developed as a function of normalized depth (relative depth within the
melt pool) for different T m values (different beam powers). Equation 3.1 was used to deter-
mine the normalized wall length. The range of beam powers considered (2014W, 1007W,
504W, and 351W) are the same ones used in determining the effect of finite height on the
solidification microstructure. A constant velocity of 8.47mm/s was used with the above
beam powers. Figure (4.1) shows the representative meshes for finite length models.
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4.1 Development of Process Maps for Finite Length Thin-
Walled Models
The procedure used for developing process maps to study the effect of finite length was
analogous to the one used in the previous chapter for predicting the effect of finite height.
The process maps were developed from finite length numerical models which were solved
at 25oC properties. The cooling rate and thermal gradient values were then normalized
using equations (2.4) and (2.5) developed by Bontha [8]. Those normalized values were
then plotted on the process maps as a function of normalized depth for various beam powers
(T m). The length of the numerical models developed varied between 45mm to 12mm.
Figures (4.2) and (4.3) show the effect of finite length on dimensionless cooling rate
and thermal gradient. It is seen that there can be a significant effect of finite length on the
dimensionless cooling rate and thermal gradient for different values of T m (beam power),
which in turn affects the microstructure. For a particular beam power, dimensionless cool-
ing rate and thermal gradient are observed to decrease with decreasing finite length. As
the finite length of the build decreases, the melt pool approaches the vertical walls of the
build which are insulated (boundary condition). As the vertical walls are insulated, less
heat is able to conduct away, thereby leading to an increase in the size of the melt pool.
This increase in the size of the melt pool corresponds to a decrease in cooling rates and
thermal gradients.
49
0 0.2 0.4 0.6 0.8 1
0.035
0.036
0.037
0.038
0.039
0.04
Effect of Length on Normalized Cooling Rate for Tm = 0.5 (2014 Watts)
 
 
∂
T
∂
t
=
(
2
π
k
2
b
α
Q
ρ
c
V
2
)
∂
T ∂
t
z0
zm
Rosenthal
L = 55.0
L = 50.0
L = 40.0
L = 30.0
L = 20.0
L = 15.0
0 0.2 0.4 0.6 0.8 1
0.27
0.28
0.29
0.3
0.31
0.32
0.33
0.34
Effect of Length on Normalized Cooling Rate for Tm = 1.0 (1007 Watts)
 
 
∂
T
∂
t
=
(
2
π
k
2
b
α
Q
ρ
c
V
2
)
∂
T ∂
t
z0
zm
Rosenthal
L = 55.0
L = 50.0
L = 40.0
L = 30.0
L = 20.0
L = 15.0
0 0.2 0.4 0.6 0.8 1
0
0.5
1
1.5
2
2.5
3
∂
T
∂
t
=
(
2
π
k
2
b
α
Q
ρ
c
V
2
)
∂
T ∂
t
Effect of Height on Normalized Cooling Rate for Tm = 2.0 (504 Watts)
 
 
z0
zm
Rosenthal
L = 55.0
L = 50.0
L = 40.0
L = 30.0
L = 20.0
L = 15.0
0 0.2 0.4 0.6 0.8 1
0
2
4
6
8
10
12
∂
T
∂
t
=
(
2
π
k
2
b
α
Q
ρ
c
V
2
)
∂
T ∂
t
Effect of Height on Normalized Cooling Rate for Tm = 2.87 (351 Watts)
 
 
z0
zm
Rosenthal
L = 40.0
L = 20.0
L = 15.0
Figure 4.2: Effect of Finite Length on Cooling Rate
For a particular length of the build, increasing T m (decreasing beam power) also led to
an increase in the dimensionless cooling rates and thermal gradients. This is in accordance
with the process maps developed by Bontha [8]. For T m = 2.87, only three different finite
lengths were used to develop the process maps, as the change in the dimensionless cooling
rate and thermal gradient were relatively insensitive to the changes in the length of the
build.
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Figure 4.3: Effect of Finite Length on Thermal Gradients
4.2 Effect of Finite Length on Solidification Microstruc-
ture
Solidification maps were developed to study the effects of finite geometry and beam power
on the final solidification microstructure. The same beam powers and geometries which
were used to develop the process maps were used. Two sets of solidification maps were
developed (linear FEM and nonlinear FEM). The linear solidification maps were developed
using the data from the process maps and the nonlinear ones were developed using FEM
results from temperature-dependent properties and latent heat for Ti-6Al-4V.
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Figure 4.4: Solidification Maps from Nonlinear FEM Results
For the linear solidification maps, dimensionless cooling rate and thermal gradient val-
ues extracted from the process maps of figures (4.2) and (4.3) were used to determine the
cooling rate and thermal gradient values at melting temperature properties of Ti-6Al-4V at
1654oC. For the nonlinear solidification maps, FEM models with temperature-dependent
properties were solved. The cooling rate and thermal gradient values were extracted from
52
the numerical models and were used directly in the development of solidification maps.
For both cases the fraction of beam power absorbed was kept constant (α = 0.35). The
velocity of the beam was kept constant at 8.47mm/s.
Figure (4.4) shows the effect of finite length and beam power on solidification mi-
crostructure for temperature-dependent properties (nonlinear FEM). A significant effect
was observed on the grain morphology due to the length of the build and beam power used.
For a fixed T m (beam power), decreasing length tends to shift the microstructure from the
fully columnar and the mixed regions to the fully equiaxed region. This can be attributed
to the decrease in thermal gradients and cooling rates as the length of the build decreases.
Decrease in the thermal gradient shifts the data downwards, where as the simultaneous
decrease in the cooling rate and thermal gradient tends to cancel out the effect on solid-
ification velocity (R). For a fixed length of the model, increasing T m (decreasing power)
tends to shift the data points from the equiaxed and mixed regions to the columnar region.
This is due to the increase in the magnitude of thermal gradients and cooling rate with the
decrease in the beam power. The apparent scatter in the data is due to the inclusion of
temperature-dependent properties. The length values on the solidification maps have been
normalized for ease of comparison with temperature-independent solidification maps.
Figure (4.5) shows the effect of finite length and beam power on solidification mi-
crostructure for temperature-independent models (linear FEM). Although six different fi-
nite lengths models were used to develop dimensionless process maps, only two out of the
six finite lengths were plotted on the solidification maps, so as to compare the solidification
maps developed using temperature-dependent properties. A significant effect on the result-
ing grain morphology was observed due to the change in the length and beam power. For
a fixed T m(beam power), decreasing the length of the build tends to shift the data points
from the fully columnar and mixed regions to the fully equiaxed region. This is due to the
decrease in the thermal gradient and the cooling rate values as length decreases.
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Figure 4.5: Solidification Maps from Linear FEM Results
For a fixed length, increasing T m (decreasing beam power) tends to shift the data from
the fully equiaxed and mixed region to the fully columnar region. Although only a small
range was considered, the trends observed in the temperature-independent (linear FEM) so-
lidification maps are in accordance with the temperature-dependent maps (nonlinear FEM).
This leads to the conclusion that the temperature-independent models can be used to pre-
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dict trends in grain morphology even as they neglect the nonlinear effects of temperature-
dependent properties and latent heat.
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Chapter 5
Conclusions and Future Work
5.1 Conclusions
Past researches were successful in proving the qunatifying effect of process variables on
the resulting solidification microstructure through a combination of analytical and numeri-
cal modeling approaches. Process maps were developed to relate the process parameters to
the solidification cooling rate and thermal gradients (key factors in controlling microstruc-
ture) [8, 51, 52]. Process maps and solidification maps for Rosenthal models (models with
infinite length and height) were developed. The aim of the present work has been to extend
the development of process maps and solidification maps to finite geometries (models with
finite length and height). In this thesis, finite length and height models were developed
using the same procedures used by Vasinonta et. al. [5, 50] and Bontha et. al. [8, 51, 52].
Parametric finite element modeling was used for development of finite length and height
models. Four different beam powers were used to study the effect of process parameters
on the resulting finite geometries. Results from process maps and solidification maps sug-
gest that there is a significant effect of finite geometry and beam power on the resulting
solidification microstructure. The conclusions of this thesis can be summarized as follows:
• For a fixed value of T m(beam power), decreasing the finite height of the build in-
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creases the values of cooling rate and thermal gradient.
• For a fixed finite height of the build, increasing T m(decreasing beam power), in-
creases the cooling rate and thermal gradient.
• Decreasing the finite height of the build tends to shift the data from the fully equiaxed
and mixed regions to the fully columnar region.
• The temperature-independent and dependent models (Ti-6Al-4V material properties)
predict similar trends in grain morphology for all the different finite heights and beam
powers.
• For a fixed value of T m (beam power), decreasing the finite length of the build, de-
creases the values of cooling rate and thermal gradient.
• For a fixed finite length of the build, increasing T m (decreasing beam power), in-
creases the cooling rate and thermal gradient.
• Decreasing the finite length of the build tends to shift the data from the fully columnar
and mixed regions to the fully equiaxed region.
• The temperature-independent and dependent models (Ti-6Al-4V material properties)
predict similar trends in grain morphology for all the different finite lengths and beam
powers.
5.2 Future Work
The recent advancements in the area of solid freeform fabrication, especially Laser Based
Manufacturing (LBM) and Electron Beam Manufacturing (EBM), call for an extension of
current research work in multiple avenues. Some of them are summarized below:
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• The current work was limited to developing process maps and solidification maps
for finite 2D thin-walled geometries. This can be extended to the development of
process maps and solidification maps for finite bulky 3D geometries.
• In order to determine the effect of process variables on the resulting microstructure,
different beam powers were considered while keeping the beam velocity constant.
In the future, the combined effect of beam power and velocity can be studied on the
resulting microstructure.
• The effect of a simultaneous change in finite length and finite height of the model
can be part of future work.
• Development of numerical models with enhanced beam properties (focus, beam
power, control, and efficiency) which will lead to a better build can be studied.
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Appendix A
Script used for Developing Finite Geometry Models with
Temperature-Independent Properties
1 from abaqus i m p o r t ∗
2 from a b a q u s C o n s t a n t s i m p o r t ∗
3
4 d e f main ( ) :
5 i m p o r t p a r t
6 i m p o r t r e g i o n T o o l s e t
7 i m p o r t d i sp l ayGroupMdbToo l se t a s dgm
8 i m p o r t m a t e r i a l
9 i m p o r t s e c t i o n
10 i m p o r t a s sembly
11 i m p o r t s t e p
12 i m p o r t l o a d
13 i m p o r t mesh
14 i m p o r t j o b
15 i m p o r t v i s u a l i z a t i o n
16 i m p o r t x y P l o t
17 i m p o r t d i s p l a y G r o u p O d b T o o l s e t a s dgo
18 i m p o r t odbAccess
19 i m p o r t c o n n e c t o r B e h a v i o r
20 i m p o r t i n t e r a c t i o n
21 i m p o r t s k e t c h
22
23 # t h e p a r t module g o t s t a r t e d ove r h e r e . i n t h i s s e c t i o n t h e d i m e n s i o n s o f t h e
24 # t h i n w a l l model were ment ioned
25 # t h i n w a l l model d i m e n s i o n s
26
66
27
28 l e n g t h =0.05044
29 h e i g h t =0.002500293
30 s = mdb . models [ ’ Model−1 ’ ] . Sk e t ch ( name= ’ _ _ p r o f i l e _ _ ’ , s h e e t S i z e = 2 0 . 0 )
31 g , v , d = s . geometry , s . v e r t i c e s , s . d i m e n s i o n s
32 s . s k e t c h O p t i o n s . s e t V a l u e s ( s h e e t S i z e = 2 0 . 0 , g r i d S p a c i n g = 0 . 5 , g r i d =ON,
33 g r i d F r e q u e n c y =2 , c o n s t r u c t i o n G e o m e t r y =ON, d i m e n s i o n T e x t H e i g h t = 0 . 5 ,
34 d e c i m a l P l a c e s =2)
35 s . s e t P r i m a r y O b j e c t ( o p t i o n =STANDALONE)
36 s . r e c t a n g l e ( p o i n t 1 = ( 0 . 0 , 0 . 0 ) , p o i n t 2 =( l e n g t h , h e i g h t ) )
37 p = mdb . models [ ’ Model−1 ’ ] . P a r t ( name= ’ P a r t −1 ’ , d i m e n s i o n a l i t y =TWO_D_PLANAR,
38 t y p e =DEFORMABLE_BODY)
39 p = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
40 p . B a s e S h e l l ( s k e t c h =s )
41 s . u n s e t P r i m a r y O b j e c t ( )
42 p = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
43 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . s e t V a l u e s ( d i s p l a y e d O b j e c t =p )
44 d e l mdb . models [ ’ Model−1 ’ ] . s k e t c h e s [ ’ _ _ p r o f i l e _ _ ’ ]
45
46 # Change from " hex " f o r m a t t o " c o o r d i n a t e " f o r m a t o r " i n d e x " f o r m a t ( used f o r naming
g e o m e t r i c a l f e a t u r e s )
47 cliCommand ( " " " s e s s i o n . j o u r n a l O p t i o n s . s e t V a l u e s ( r e p l a y G e o m e t r y =COORDINATE) " " " )
48
49 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
50 # t h e s e a r e t h e datum p o i n t s d e f i n e d on t h e uppe r edge
51
52 f o r i i n r a n g e ( 1 , 1 0 ) :
53 p1 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
54 e = p1 . edges
55 p1 . DatumPointByEdgeParam ( edge=e . f i n d A t ( ( ( l e n g t h / 2 . 0 ) , h e i g h t , 0 . 0 ) ) , p a r a m e t e r =( i
/ 1 0 . 0 ) )
56
57 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
58 # t h e s e a r e t h e datum p o i n t s d e f i n e d on t h e lower edge
59
60 p1 . DatumPointByEdgeParam ( edge=e . f i n d A t ( ( ( l e n g t h / 2 . 0 ) , 0 . 0 , 0 . 0 ) ) , p a r a m e t e r =( i
/ 1 0 . 0 ) )
61
62 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
63 # p a r t i o n o f edges i s done by f i n d i n g t h e edge u s i n g c o o r d i n a t e s
64
67
65 d a t u m P o i n t s =10
66 f o r i i n r a n g e ( 0 , da tumPo in t s −1) :
67 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
68 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
69
70
71 bot tomEdge = e . f i n d A t ( ( ( 0 . 0 5 + i ∗ . 1 ) ∗ l e n g t h , 0 . 0 , 0 . 0 ) )
72 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t = ( . 1∗ ( i +1)∗ l e n g t h , 0 . 0 , 0 . 0 ) )
73
74 topEdge = e . f i n d A t ( ( ( 0 . 0 5 + i ∗ . 1 ) ∗ l e n g t h , h e i g h t , 0 . 0 ) )
75 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t = ( . 1∗ ( i +1)∗ l e n g t h , h e i g h t , 0 . 0 ) )
76
77 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
78
79 # c r e a t e d i n n e r datum p o i n t s by u s i n g c r e a t i o n o f datum p o i n t s by c o o r d i n a t e s #
80
81 f o r i i n r a n g e ( 0 , 1 9 ) :
82 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
83 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( ( l e n g t h / 5 0 ) + i ∗ ( l e n g t h / 5 0 ) , 0 . 0 , 0 . 0 ) )
84 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( ( l e n g t h / 5 0 ) + i ∗ ( l e n g t h / 5 0 ) , h e i g h t , 0 . 0 ) )
85 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( ( l e n g t h −( l e n g t h / 5 0 ) )− i ∗ ( l e n g t h / 5 0 ) , 0 . 0 , 0 . 0 ) )
86 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( ( l e n g t h −( l e n g t h / 5 0 ) )− i ∗ ( l e n g t h / 5 0 ) , h e i g h t , 0 . 0 )
)
87
88 #−−−−− t h i s c r e a t e s t h e f i v e datum p o i n t s which go i n t o t h e 30 datum p o i n t s on each s i d e
group−−−−−−−−−−−−#
89
90 f o r i i n r a n g e ( 1 , 6 ) :
91
92 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
93 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( 0 . 4∗ l e n g t h + i ∗ ( l e n g t h / 1 0 0 ) , h e i g h t , 0 . 0 ) )
94 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( 0 . 4∗ l e n g t h + i ∗ ( l e n g t h / 1 0 0 ) , 0 . 0 , 0 . 0 ) )
95
96
97 f o r i i n r a n g e ( 1 , 6 ) :
98
99 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
100 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( 0 . 6∗ l e n g t h−i ∗ ( l e n g t h / 1 0 0 ) , h e i g h t , 0 . 0 ) )
101 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( 0 . 6∗ l e n g t h−i ∗ ( l e n g t h / 1 0 0 ) , 0 . 0 , 0 . 0 ) )
102
103
68
104 # −−−−−−−−−−−−−−−−−−−−−−− p a r t i t i o n f a c e s k e t c h−−−−−−−−−−−−−#
105
106 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
107 f , e , d = p2 . f a c e s , p2 . edges , p2 . datums
108 t = p2 . MakeSketchTransform ( s k e t c h P l a n e = f . f i n d A t ( c o o r d i n a t e s =( l e n g t h / 2 . 0 , h e i g h t / 2 . 0 ,
0 . 0 ) , normal = ( 0 . 0 , 0 . 0 , 1 . 0 ) ) , s k e t c h P l a n e S i d e =SIDE1 ,
109 o r i g i n = ( 0 . 0 , 0 . 0 , 0 . 0 ) )
110 s = mdb . models [ ’ Model−1 ’ ] . Sk e t ch ( name= ’ _ _ p r o f i l e _ _ ’ , s h e e t S i z e = 2 0 . 0 , g r i d S p a c i n g = 0 . 5 ,
t r a n s f o r m = t )
111 g , v , d1 = s . geometry , s . v e r t i c e s , s . d i m e n s i o n s
112 s . s k e t c h O p t i o n s . s e t V a l u e s ( s h e e t S i z e = 2 0 . 0 , g r i d S p a c i n g = 0 . 5 , g r i d =ON, g r i d F r e q u e n c y =2 ,
c o n s t r u c t i o n G e o m e t r y =ON, d i m e n s i o n T e x t H e i g h t = 0 . 5 ,
113 d e c i m a l P l a c e s =2)
114 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
115 p2 . p r o j e c t R e f e r e n c e s O n t o S k e t c h ( s k e t c h =s , f i l t e r =COPLANAR_EDGES)
116 r , r1 = s . r e f e r e n c e G e o m e t r y , s . r e f e r e n c e V e r t i c e s
117 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . view . f i t V i e w ( )
118
119 f o r i i n r a n g e ( 0 , 1 0 ) :
120
121
122 s . L ine ( p o i n t 1 =( l e n g t h / 1 0 . 0 + i ∗ ( l e n g t h / 1 0 . 0 ) , h e i g h t ) , p o i n t 2 =( l e n g t h / 1 0 . 0 + i ∗ ( l e n g t h
/ 1 0 . 0 ) , 0 . 0 ) )
123
124 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
125 f , e , d = p2 . f a c e s , p2 . edges , p2 . datums
126 f a c e s =( f . f i n d A t ( c o o r d i n a t e s =( l e n g t h / 2 . 0 , h e i g h t / 2 . 0 , 0 . 0 ) ) , )
127 p2 . P a r t i t i o n F a c e B y S k e t c h ( f a c e s = f a c e s , s k e t c h =s )
128 s . u n s e t P r i m a r y O b j e c t ( )
129 d e l mdb . models [ ’ Model−1 ’ ] . s k e t c h e s [ ’ _ _ p r o f i l e _ _ ’ ]
130
131 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−p a r t i t i o n f a c e s k e t c h f o r t h e 25 datum p o i n t s
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
132
133
134 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
135 f , e , d = p2 . f a c e s , p2 . edges , p2 . datums
136 t = p2 . MakeSketchTransform ( s k e t c h P l a n e = f . f i n d A t ( c o o r d i n a t e s = ( 0 . 4 5∗ l e n g t h , h e i g h t
/ 2 . 0 , 0 . 0 ) , normal = ( 0 . 0 , 0 . 0 , 1 . 0 ) ) , s k e t c h P l a n e S i d e =SIDE1 ,
137 o r i g i n = ( 0 . 0 , 0 . 0 , 0 . 0 ) )
69
138 s = mdb . models [ ’ Model−1 ’ ] . Sk e t ch ( name= ’ _ _ p r o f i l e _ _ ’ , s h e e t S i z e = 2 0 . 0 , g r i d S p a c i n g = 0 . 5 ,
t r a n s f o r m = t )
139 g , v , d1 = s . geometry , s . v e r t i c e s , s . d i m e n s i o n s
140 s . s k e t c h O p t i o n s . s e t V a l u e s ( s h e e t S i z e = 2 0 . 0 , g r i d S p a c i n g = 0 . 5 , g r i d =ON, g r i d F r e q u e n c y =2 ,
c o n s t r u c t i o n G e o m e t r y =ON, d i m e n s i o n T e x t H e i g h t = 0 . 5 ,
141 d e c i m a l P l a c e s =2)
142 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
143 p2 . p r o j e c t R e f e r e n c e s O n t o S k e t c h ( s k e t c h =s , f i l t e r =COPLANAR_EDGES)
144 r , r1 = s . r e f e r e n c e G e o m e t r y , s . r e f e r e n c e V e r t i c e s
145 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . view . f i t V i e w ( )
146 s . L ine ( p o i n t 1 = ( 0 . 4∗ l e n g t h + ( 5 . 0∗ l e n g t h / 1 0 0 . 0 ) , h e i g h t ) , p o i n t 2 = ( 0 . 4∗ l e n g t h + ( 5 . 0∗ l e n g t h
/ 1 0 0 . 0 ) , 0 . 0 ) )
147 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
148 f , e , d = p2 . f a c e s , p2 . edges , p2 . datums
149 f a c e s =( f . f i n d A t ( c o o r d i n a t e s = ( 0 . 4 5∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) ) , )
150 p2 . P a r t i t i o n F a c e B y S k e t c h ( f a c e s = f a c e s , s k e t c h =s )
151 s . u n s e t P r i m a r y O b j e c t ( )
152 d e l mdb . models [ ’ Model−1 ’ ] . s k e t c h e s [ ’ _ _ p r o f i l e _ _ ’ ]
153
154
155 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
156 f , e , d = p2 . f a c e s , p2 . edges , p2 . datums
157 t = p2 . MakeSketchTransform ( s k e t c h P l a n e = f . f i n d A t ( c o o r d i n a t e s = ( 0 . 5 5∗ l e n g t h , h e i g h t
/ 2 . 0 , 0 . 0 ) , normal = ( 0 . 0 , 0 . 0 , 1 . 0 ) ) , s k e t c h P l a n e S i d e =SIDE1 ,
158 o r i g i n = ( 0 . 0 , 0 . 0 , 0 . 0 ) )
159 s = mdb . models [ ’ Model−1 ’ ] . Sk e t ch ( name= ’ _ _ p r o f i l e _ _ ’ , s h e e t S i z e = 2 0 . 0 , g r i d S p a c i n g = 0 . 5 ,
t r a n s f o r m = t )
160 g , v , d1 = s . geometry , s . v e r t i c e s , s . d i m e n s i o n s
161 s . s k e t c h O p t i o n s . s e t V a l u e s ( s h e e t S i z e = 2 0 . 0 , g r i d S p a c i n g = 0 . 5 , g r i d =ON, g r i d F r e q u e n c y =2 ,
c o n s t r u c t i o n G e o m e t r y =ON, d i m e n s i o n T e x t H e i g h t = 0 . 5 ,
162 d e c i m a l P l a c e s =2)
163 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
164 p2 . p r o j e c t R e f e r e n c e s O n t o S k e t c h ( s k e t c h =s , f i l t e r =COPLANAR_EDGES)
165 r , r1 = s . r e f e r e n c e G e o m e t r y , s . r e f e r e n c e V e r t i c e s
166 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . view . f i t V i e w ( )
167 s . L ine ( p o i n t 1 = ( 0 . 5∗ l e n g t h + ( 5 . 0∗ l e n g t h / 1 0 0 . 0 ) , h e i g h t ) , p o i n t 2 = ( 0 . 5∗ l e n g t h + ( 5 . 0∗ l e n g t h
/ 1 0 0 . 0 ) , 0 . 0 ) )
168 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
169 f , e , d = p2 . f a c e s , p2 . edges , p2 . datums
170 f a c e s =( f . f i n d A t ( c o o r d i n a t e s = ( 0 . 5 5∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) ) , )
171 p2 . P a r t i t i o n F a c e B y S k e t c h ( f a c e s = f a c e s , s k e t c h =s )
70
172 s . u n s e t P r i m a r y O b j e c t ( )
173 d e l mdb . models [ ’ Model−1 ’ ] . s k e t c h e s [ ’ _ _ p r o f i l e _ _ ’ ]
174
175
176 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−25 datum p o i n t s b e i n g c r e a t e d each s i d e
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
177
178 f o r i i n r a n g e ( 1 , 2 5 ) :
179
180 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
181 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( 0 . 4 5∗ l e n g t h + i ∗ ( l e n g t h / 5 0 0 ) , h e i g h t , 0 . 0 ) )
182 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( 0 . 4 5∗ l e n g t h + i ∗ ( l e n g t h / 5 0 0 ) , 0 . 0 , 0 . 0 ) )
183
184 f o r i i n r a n g e ( 1 , 2 5 ) :
185
186 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
187 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( 0 . 5∗ l e n g t h + i ∗ ( l e n g t h / 5 0 0 ) , h e i g h t , 0 . 0 ) )
188 p2 . Da tumPoin tByCoord ina te ( c o o r d s = ( 0 . 5∗ l e n g t h + i ∗ ( l e n g t h / 5 0 0 ) , 0 . 0 , 0 . 0 ) )
189
190 #−−−−−−−−−−−−−−−−−−−−−−−−−−−P a r t i t i o n i n g of t h e 10 p a r t i o n e d edges
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
191
192
193 f o r i i n r a n g e ( 0 , 4 ) :
194 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
195 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
196 bot tomEdge = e . f i n d A t ( ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
197 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t =( l e n g t h / 5 0 . 0 + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 ,
0 . 0 ) )
198 topEdge = e . f i n d A t ( ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) )
199 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t =( l e n g t h / 5 0 . 0 + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t ,
0 . 0 ) )
200
201
202 f o r i i n r a n g e ( 5 , 9 ) :
203 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
204 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datum
205 bot tomEdge = e . f i n d A t ( ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
206 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t =( l e n g t h / 5 0 . 0 + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 ,
0 . 0 ) )
207 topEdge = e . f i n d A t ( ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) )
71
208 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t =( l e n g t h / 5 0 . 0 + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t ,
0 . 0 ) )
209
210
211 f o r i i n r a n g e ( 1 0 , 1 4 ) :
212 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
213 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datum
214 bot tomEdge = e . f i n d A t ( ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
215 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t =( l e n g t h / 5 0 . 0 + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 ,
0 . 0 ) )
216 topEdge = e . f i n d A t ( ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) )
217 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t =( l e n g t h / 5 0 . 0 + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t ,
0 . 0 ) )
218
219
220 f o r i i n r a n g e ( 1 5 , 1 9 ) :
221 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
222 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datum
223 bot tomEdge = e . f i n d A t ( ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
224 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t =( l e n g t h / 5 0 . 0 + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 ,
0 . 0 ) )
225 topEdge = e . f i n d A t ( ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) )
226 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t =( l e n g t h / 5 0 . 0 + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t ,
0 . 0 ) )
227
228
229 f o r i i n r a n g e ( 0 , 4 ) :
230 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
231 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
232 bot tomEdge = e . f i n d A t ( ( l e n g t h −( l e n g t h / 1 0 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
233 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t =( l e n g t h −( l e n g t h / 5 0 . 0 )− i ∗ ( l e n g t h
/ 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
234 topEdge = e . f i n d A t ( ( l e n g t h −( l e n g t h / 1 0 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) )
235 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t =( l e n g t h −( l e n g t h / 5 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) ,
h e i g h t , 0 . 0 ) )
236
237
238 f o r i i n r a n g e ( 5 , 9 ) :
239 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
240 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
241 bot tomEdge = e . f i n d A t ( ( l e n g t h −( l e n g t h / 1 0 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
72
242 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t =( l e n g t h −( l e n g t h / 5 0 . 0 )− i ∗ ( l e n g t h
/ 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
243 topEdge = e . f i n d A t ( ( l e n g t h −( l e n g t h / 1 0 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) )
244 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t =( l e n g t h −( l e n g t h / 5 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) ,
h e i g h t , 0 . 0 ) )
245
246
247 f o r i i n r a n g e ( 1 0 , 1 4 ) :
248 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
249 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
250 bot tomEdge = e . f i n d A t ( ( l e n g t h −( l e n g t h / 1 0 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
251 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t =( l e n g t h −( l e n g t h / 5 0 . 0 )− i ∗ ( l e n g t h
/ 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
252 topEdge = e . f i n d A t ( ( l e n g t h −( l e n g t h / 1 0 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) )
253 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t =( l e n g t h −( l e n g t h / 5 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) ,
h e i g h t , 0 . 0 ) )
254
255
256 f o r i i n r a n g e ( 1 5 , 1 9 ) :
257 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
258 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
259 bot tomEdge = e . f i n d A t ( ( l e n g t h −( l e n g t h / 1 0 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
260 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t =( l e n g t h −( l e n g t h / 5 0 . 0 )− i ∗ ( l e n g t h
/ 5 0 . 0 ) , 0 . 0 , 0 . 0 ) )
261 topEdge = e . f i n d A t ( ( l e n g t h −( l e n g t h / 1 0 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) )
262 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t =( l e n g t h −( l e n g t h / 5 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) ,
h e i g h t , 0 . 0 ) )
263
264
265 f o r i i n r a n g e ( 0 , 4 ) :
266 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
267 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
268 bot tomEdge = e . f i n d A t ( ( 0 . 4 ∗ l e n g t h +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) , 0 . 0 , 0 . 0 ) )
269 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t = ( 0 . 4 1∗ l e n g t h + i ∗ ( l e n g t h / 1 0 0 . 0 ) , 0 . 0 ,
0 . 0 ) )
270 topEdge = e . f i n d A t ( ( 0 . 4 ∗ l e n g t h +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) , h e i g h t , 0 . 0 ) )
271 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t = ( 0 . 4 1∗ l e n g t h + i ∗ ( l e n g t h / 1 0 0 . 0 ) , h e i g h t ,
0 . 0 ) )
272
273 f o r i i n r a n g e ( 0 , 4 ) :
274 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
73
275 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
276 bot tomEdge = e . f i n d A t ( ( 0 . 5 5∗ l e n g t h +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) , 0 . 0 , 0 . 0 ) )
277 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t = ( 0 . 5 6∗ l e n g t h + i ∗ ( l e n g t h / 1 0 0 . 0 ) , 0 . 0 ,
0 . 0 ) )
278 topEdge = e . f i n d A t ( ( 0 . 5 5∗ l e n g t h +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) , h e i g h t , 0 . 0 ) )
279 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t = ( 0 . 5 6∗ l e n g t h + i ∗ ( l e n g t h / 1 0 0 . 0 ) , h e i g h t ,
0 . 0 ) )
280
281
282 f o r i i n r a n g e ( 0 , 2 4 ) :
283 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
284 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
285 bot tomEdge = e . f i n d A t ( ( 0 . 4 5∗ l e n g t h +( l e n g t h / 1 0 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 0 . 0 ) , 0 . 0 , 0 . 0 ) )
286 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t = ( 0 . 4 5∗ l e n g t h +( l e n g t h / 5 0 0 . 0 ) + i ∗ (
l e n g t h / 5 0 0 . 0 ) , 0 . 0 , 0 . 0 ) )
287 topEdge = e . f i n d A t ( ( 0 . 4 5∗ l e n g t h +( l e n g t h / 1 0 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 0 . 0 ) , h e i g h t , 0 . 0 ) )
288 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t = ( 0 . 4 5∗ l e n g t h +( l e n g t h / 5 0 0 . 0 ) + i ∗ ( l e n g t h
/ 5 0 0 . 0 ) , h e i g h t , 0 . 0 ) )
289
290 f o r i i n r a n g e ( 0 , 2 4 ) :
291 p2 = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
292 e , v , d = p2 . edges , p2 . v e r t i c e s , p2 . datums
293 bot tomEdge = e . f i n d A t ( ( 0 . 5 ∗ l e n g t h +( l e n g t h / 1 0 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 0 . 0 ) , 0 . 0 , 0 . 0 ) )
294 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=bottomEdge , p o i n t = ( 0 . 5∗ l e n g t h +( l e n g t h / 5 0 0 . 0 ) + i ∗ (
l e n g t h / 5 0 0 . 0 ) , 0 . 0 , 0 . 0 ) )
295 topEdge = e . f i n d A t ( ( 0 . 5 ∗ l e n g t h +( l e n g t h / 1 0 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 0 . 0 ) , h e i g h t , 0 . 0 ) )
296 p2 . P a r t i t i o n E d g e B y P o i n t ( edge=topEdge , p o i n t = ( 0 . 5∗ l e n g t h +( l e n g t h / 5 0 0 . 0 ) + i ∗ ( l e n g t h
/ 5 0 0 . 0 ) , h e i g h t , 0 . 0 ) )
297
298 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−PROPERTY MODULE
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
299 # Tempera tu r e Dependent p r o p e r t i e s o f Ti−6Al−4V a r e b e i n g used
300
301 mdb . models [ ’ Model−1 ’ ] . M a t e r i a l ( name= ’ Ti−6Al−4V’ )
302
303 #−−−−−−−−−−−− C o n d u c t i v i t y v a l u e s f o r t h e m a t e r i a l Ti−6Al−4V
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
304
305 mdb . models [ ’ Model−1 ’ ] . m a t e r i a l s [ ’ Ti−6Al−4V ’ ] . C o n d u c t i v i t y (
306 t e m p e r a t u r e D e p e n d e n c y =ON, t a b l e = ( ( 6 . 7 4 , 2 5 . 0 ) , ( 1 0 . 3 2 , 3 0 0 . 0 ) , ( 1 3 . 6 7 ,
74
307 5 5 0 . 0 ) , ( 2 2 . 6 8 , 8 5 0 . 0 ) , ( 2 5 . 0 8 , 1 1 0 0 . 0 ) , ( 2 7 . 4 8 , 1 2 5 0 . 0 ) , ( 2 9 . 0 8 , 1 4 0 0 ) , ( 3 0 . 5 7 ,
1500) , ( 3 0 . 5 7 , 1625) , ( 3 0 . 5 7 , 1 6 7 5 ) , ( 3 2 . 3 8 , 1925) ) )
308
309 #−−−−−−−−−−−−−−−−−−−−−D e n s i t y v a l u e s f o r t h e m a t e r i a l Ti−6Al−4V
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
310
311 mdb . models [ ’ Model−1 ’ ] . m a t e r i a l s [ ’ Ti−6Al−4V ’ ] . D e n s i t y ( t e m p e r a t u r e D e p e n d e n c y =ON,
312 t a b l e = ( ( 4 4 7 0 . 0 , 2 5 . 0 ) , ( 4 3 9 0 . 0 , 5 5 0 . 0 ) , ( 4 3 5 0 . 0 , 8 5 0 . 0 ) , ( 4 3 2 0 . 0 ,
313 1 1 0 0 . 0 ) , ( 4 2 7 0 . 0 , 1 4 0 0 . 0 ) , ( 4 2 5 0 . 0 , 1 5 9 5 . 0 ) , ( 4 0 1 0 . 0 , 1 6 2 5 . 0 ) , ( 3 9 3 0 . 0 ,
314 1 9 2 5 . 0 ) ) )
315
316 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−L a t e n t h e a t f o r t h e m a t e r i a l Ti−6Al−4V
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
317
318 mdb . models [ ’ Model−1 ’ ] . m a t e r i a l s [ ’ Ti−6Al−4V ’ ] . L a t e n t H e a t ( t a b l e = ( ( 2 8 6 0 0 0 . 0 ,
319 1 6 2 0 . 0 , 1 6 5 4 . 0 ) , ) )
320
321 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−S p e c i f i c h e a t f o r t h e m a t e r i a l Ti−6Al−4V
−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
322
323 mdb . models [ ’ Model−1 ’ ] . m a t e r i a l s [ ’ Ti−6Al−4V ’ ] . S p e c i f i c H e a t (
324 t e m p e r a t u r e D e p e n d e n c y =ON, t a b l e = ( ( 6 0 0 . 0 , 2 2 7 . 0 ) , ( 6 5 0 . 0 , 4 7 7 . 0 ) , (
325 6 8 7 . 5 , 7 2 7 . 0 ) , ( 7 1 2 . 5 , 9 7 7 . 0 ) , ( 7 3 4 . 0 , 1 2 2 7 . 0 ) , ( 7 4 2 . 0 , 1 2 7 7 . 0 ) , ( 7 5 1 , 1327) ,
( 7 6 2 , 1377) , ( 7 7 5 , 1427) , ( 7 9 0 , 1477) , ( 8 0 7 , 1527) , ( 8 2 6 , 1577) ,
326 ( 8 4 6 , 1627) , ( 8 6 3 , 1670) , ( 9 3 1 , 1704) , ( 9 3 1 , 2127) ) )
327
328 #−−−−−−−−−−−−−−−−−−−−− C r e a t i n g a s o l i d homogenous s e c t i o n u s i n g t h e m a t e r i a l Ti−6Al−4V
−−−−−−−−−−−−−−−−−−−−#
329
330
331 mdb . models [ ’ Model−1 ’ ] . HomogeneousSo l idSec t ion ( name= ’ S e c t i o n −1 ’ ,
332 m a t e r i a l = ’ Ti−6Al−4V’ , t h i c k n e s s =0 .0022606)
333
334 #−−−−−−−−−−−−−−−−−−−−−−− P r o p e r t y Module / A s s i n g i n g a s e c t i o n
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
335
336
337 p = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
338 f = p . f a c e s
339 f a c e s = f . f i n d A t ( ( ( 0 . 0 5 ∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) , ( ( 0 . 1 5∗ l e n g t h ,
340 h e i g h t / 2 . 0 , 0 . 0 ) , ) , ( ( 0 . 2 5 ∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) ,
75
341 ( ( 0 . 3 5∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) , ( ( 0 . 4 2 5∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) ,
342 ( ( 0 . 4 7 5∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) , ( ( 0 . 5 2 5∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) ,
343 ( ( 0 . 5 7 5∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) , ( ( 0 . 6 5 ∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) ,
344 ( ( 0 . 7 5∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) , ( ( 0 . 8 5 ∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) ,
345 ( ( 0 . 9 5∗ l e n g t h , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
346 r e g i o n = r e g i o n T o o l s e t . Region ( f a c e s = f a c e s )
347 p = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
348 p . S e c t i o n A s s i g n m e n t ( r e g i o n = r e g i o n , sec t ionName = ’ S e c t i o n −1 ’)
349
350
351 #−−−−−−−−−−−−−−−−−−−−−−−−−− Assembly module −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
352
353 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
354 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . s e t V a l u e s ( d i s p l a y e d O b j e c t =a )
355 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
356 a . DatumCsysByDefaul t (CARTESIAN)
357 p = mdb . models [ ’ Model−1 ’ ] . p a r t s [ ’ P a r t −1 ’]
358 a . I n s t a n c e ( name= ’ P a r t −1−1’, p a r t =p , )
359
360 ###−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− s t e p s a r e b e i n g c r e a t e d
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
361
362
363 # s t e p s a r e c r e a t e d u s i n g t h e s t r i n g s c o n c e p t
364
365 mdb . models [ ’ Model−1 ’ ] . H e a t T r a n s f e r S t e p ( name= ’ Step −1 ’ , p r e v i o u s = ’ I n i t i a l ’ ,
366 t i m e P e r i o d =0 .119172759 , maxNumInc =2000 , i n i t i a l I n c =0 .0001 , minInc =1e−06 ,
367 maxInc = 0 . 1 , de l tmx = 2 0 0 . 0 )
368
369 f o r i i n r a n g e ( 2 , 2 1 ) :
370
371 mdb . models [ ’ Model−1 ’ ] . H e a t T r a n s f e r S t e p ( name= ’ Step − ’+‘ i ‘ , p r e v i o u s = ’ Step − ’+‘ i −1 ‘ ,
372 t i m e P e r i o d =0 .119172759 , maxNumInc =2000 , i n i t i a l I n c =0 .0001 , minInc =1e−06 ,
373 maxInc = 0 . 1 , de l tmx = 2 0 0 . 0 )
374
375
376 f o r i i n r a n g e ( 2 1 , 2 6 ) :
377
378 mdb . models [ ’ Model−1 ’ ] . H e a t T r a n s f e r S t e p ( name= ’ Step − ’+‘ i ‘ , p r e v i o u s = ’ Step − ’+‘ i −1 ‘ ,
379 t i m e P e r i o d =0 .059527325 , maxNumInc =2000 , i n i t i a l I n c =0 .0001 , minInc =1e−06 ,
380 maxInc = 0 . 0 5 , de l tmx = 2 0 0 . 0 )
76
381
382
383 f o r i i n r a n g e ( 2 6 , 7 6 ) :
384
385 mdb . models [ ’ Model−1 ’ ] . H e a t T r a n s f e r S t e p ( name= ’ Step − ’+‘ i ‘ , p r e v i o u s = ’ Step − ’+‘ i −1 ‘ ,
386 t i m e P e r i o d =0 .011929087 , maxNumInc =2000 , i n i t i a l I n c =0 .0001 , minInc =1e−06 ,
387 maxInc = 0 . 0 1 , de l tmx = 2 0 0 . 0 )
388
389 f o r i i n r a n g e ( 7 6 , 8 1 ) :
390
391 mdb . models [ ’ Model−1 ’ ] . H e a t T r a n s f e r S t e p ( name= ’ Step − ’+‘ i ‘ , p r e v i o u s = ’ Step − ’+‘ i −1 ‘ ,
392 t i m e P e r i o d =0 .05952735 , maxNumInc =2000 , i n i t i a l I n c =0 .0001 , minInc =1e−06 ,
393 maxInc = 0 . 0 5 , de l tmx = 2 0 0 . 0 )
394
395 f o r i i n r a n g e ( 8 1 , 1 0 1 ) :
396
397 mdb . models [ ’ Model−1 ’ ] . H e a t T r a n s f e r S t e p ( name= ’ Step − ’+‘ i ‘ , p r e v i o u s = ’ Step − ’+‘ i −1 ‘ ,
398 t i m e P e r i o d =0 .119172759 , maxNumInc =2000 , i n i t i a l I n c =0 .0001 , minInc =1e−06 ,
399 maxInc = 0 . 1 , de l tmx = 2 0 0 . 0 )
400
401 #−−−−−−−−−−−−−−−−−−−−−−−−− F i e l d o u t p u t manager −−−−−−−−−−−−−−−−−−−−#
402
403 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ Step −1 ’)
404 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ Step −45 ’)
405 mdb . models [ ’ Model−1 ’ ] . F i e l d O u t p u t R e q u e s t ( name= ’F−Output −1 ’ ,
406 c rea t eS tepName = ’ Step −48 ’ , v a r i a b l e s =( ’NT’ , ’HFL ’ ) )
407 mdb . models [ ’ Model−1 ’ ] . f i e l d O u t p u t R e q u e s t s [ ’ F−Output −1 ’ ] . d e a c t i v a t e ( ’ Step −73 ’)
408
409 #−−−−−−−−−−−−−−−−−−−−−H i s t o r y Outpu t Manger−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
410
411 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
412 e1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. edges
413 edges1 = e1 . f i n d A t ( ( ( l e n g t h / 2 . 0 , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
414 a . S e t ( edges =edges1 , name= ’ Set −1 ’)
415 r e g i o n D e f =mdb . models [ ’ Model−1 ’ ] . roo tAssembly . s e t s [ ’ Set −1 ’]
416 mdb . models [ ’ Model−1 ’ ] . H i s t o r y O u t p u t R e q u e s t ( name= ’H−Output −1 ’ ,
417 c rea t eS tepName = ’ Step −48 ’ , v a r i a b l e s =( ’NT’ , ’HFL1 ’ , ’HFL2 ’ , ’HFL3 ’ ,
418 ’HFLM’ ) , r e g i o n = reg ionDef , s e c t i o n P o i n t s =DEFAULT, r e b a r =EXCLUDE)
419 mdb . models [ ’ Model−1 ’ ] . h i s t o r y O u t p u t R e q u e s t s [ ’H−Output −1 ’ ] . d e a c t i v a t e ( ’ Step −73 ’)
420
421
77
422 #−−−−−−−−−−−−−−−−−−Load−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
423
424 f o r i i n r a n g e ( 0 , 2 0 ) :
425 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ Step − ’+‘ i +1 ‘ )
426 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
427 v1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. v e r t i c e s
428 v e r t s 1 = v1 . f i n d A t ( ( ( 0 . 0 + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) , ) )
429 r e g i o n = r e g i o n T o o l s e t . Region ( v e r t i c e s = v e r t s 1 )
430 mdb . models [ ’ Model−1 ’ ] . C o n c e n t r a t e d H e a t F l u x ( name= ’ Load− ’+‘ i +1 ‘ ,
431 c rea t eS tepName = ’ Step − ’+‘ i +1 ‘ , r e g i o n = r e g i o n , magn i tude =238 .7835328)
432 mdb . models [ ’ Model−1 ’ ] . l o a d s [ ’ Load− ’+‘ i + 1 ‘ ] . d e a c t i v a t e ( ’ Step − ’+‘ i +2 ‘ )
433
434
435 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ Step − ’+ ‘100 ‘)
436 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
437 v1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. v e r t i c e s
438 v e r t s 1 = v1 . f i n d A t ( ( ( l e n g t h −( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) , ) )
439 r e g i o n = r e g i o n T o o l s e t . Region ( v e r t i c e s = v e r t s 1 )
440 mdb . models [ ’ Model−1 ’ ] . C o n c e n t r a t e d H e a t F l u x ( name= ’ Load− ’+ ‘100 ‘ ,
441 c rea t eS tepName = ’ Step − ’+ ‘100 ‘ , r e g i o n = r e g i o n , magn i tude =238 .7835328)
442 mdb . models [ ’ Model−1 ’ ] . l o a d s [ ’ Load− ’+ ‘100 ‘]
443
444
445 f o r i i n r a n g e ( 1 , 2 0 ) :
446 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ Step −’+‘100− i ‘ )
447 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
448 v1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. v e r t i c e s
449 v e r t s 1 = v1 . f i n d A t ( ( ( l e n g t h −( l e n g t h / 5 0 . 0 )− i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) , ) )
450 r e g i o n = r e g i o n T o o l s e t . Region ( v e r t i c e s = v e r t s 1 )
451 mdb . models [ ’ Model−1 ’ ] . C o n c e n t r a t e d H e a t F l u x ( name= ’ Load−’+‘100− i ‘ ,
452 c rea t eS tepName = ’ Step −’+‘100− i ‘ , r e g i o n = r e g i o n , magn i tude =238 .7835328)
453 mdb . models [ ’ Model−1 ’ ] . l o a d s [ ’ Load−’+‘100− i ‘ ] . d e a c t i v a t e ( ’ Step −’+‘101− i ‘ )
454
455
456 f o r i i n r a n g e ( 0 , 5 ) :
457 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ Step − ’+‘ i +21 ‘)
458 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
459 v1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. v e r t i c e s
460 v e r t s 1 = v1 . f i n d A t ( ( ( ( 0 . 3 9 ∗ l e n g t h ) +( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) , h e i g h t , 0 . 0 ) ,
) )
461 r e g i o n = r e g i o n T o o l s e t . Region ( v e r t i c e s = v e r t s 1 )
78
462 mdb . models [ ’ Model−1 ’ ] . C o n c e n t r a t e d H e a t F l u x ( name= ’ Load− ’+‘ i +21 ‘ ,
463 c rea t eS tepName = ’ Step − ’+‘ i +21 ‘ , r e g i o n = r e g i o n , magn i tude =238 .7835328)
464 mdb . models [ ’ Model−1 ’ ] . l o a d s [ ’ Load− ’+‘ i + 2 1 ‘ ] . d e a c t i v a t e ( ’ Step − ’+‘ i +22 ‘)
465
466 f o r i i n r a n g e ( 0 , 5 ) :
467 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ Step −’+‘80− i ‘ )
468 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
469 v1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. v e r t i c e s
470 v e r t s 1 = v1 . f i n d A t ( ( ( l e n g t h − (0 .4∗ l e n g t h )− i ∗ ( l e n g t h / 1 0 0 . 0 )−( l e n g t h / 1 0 0 . 0 ) , h e i g h t ,
0 . 0 ) , ) )
471 r e g i o n = r e g i o n T o o l s e t . Region ( v e r t i c e s = v e r t s 1 )
472 mdb . models [ ’ Model−1 ’ ] . C o n c e n t r a t e d H e a t F l u x ( name= ’ Load−’+‘80− i ‘ ,
473 c rea t eS tepName = ’ Step −’+‘80− i ‘ , r e g i o n = r e g i o n , magn i tude =238 .7835328)
474 mdb . models [ ’ Model−1 ’ ] . l o a d s [ ’ Load−’+‘80− i ‘ ] . d e a c t i v a t e ( ’ Step −’+‘81− i ‘ )
475
476
477 f o r i i n r a n g e ( 0 , 5 0 ) :
478 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ Step − ’+‘ i +26 ‘)
479 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
480 v1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. v e r t i c e s
481 v e r t s 1 = v1 . f i n d A t ( ( ( ( 0 . 4 5 ∗ l e n g t h ) + i ∗ ( l e n g t h / 5 0 0 . 0 ) , h e i g h t , 0 . 0 ) , ) )
482 r e g i o n = r e g i o n T o o l s e t . Region ( v e r t i c e s = v e r t s 1 )
483 mdb . models [ ’ Model−1 ’ ] . C o n c e n t r a t e d H e a t F l u x ( name= ’ Load− ’+‘ i +26 ‘ ,
484 c rea t eS tepName = ’ Step − ’+‘ i +26 ‘ , r e g i o n = r e g i o n , magn i tude =238 .7835328)
485 mdb . models [ ’ Model−1 ’ ] . l o a d s [ ’ Load− ’+‘ i + 2 6 ‘ ] . d e a c t i v a t e ( ’ Step − ’+‘ i +27 ‘)
486
487
488 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−Boundary C o n d i t i o n s a p p l l i e d
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
489
490 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ Step −1 ’)
491 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
492 e1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. edges
493 edges1 = e1 . f i n d A t ( ( ( l e n g t h / 1 0 0 . 0 , 0 . 0 , 0 . 0 ) , ) )
494 f o r i i n r a n g e ( 1 , 2 0 ) :
495 edges1 = edges1 + e1 . f i n d A t ( ( ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) , ) )
496 r e g i o n = r e g i o n T o o l s e t . Region ( edges = edges1 )
497 mdb . models [ ’ Model−1 ’ ] . TemperatureBC ( name= ’BC−1 ’ , c r ea t eS tepName = ’ Step −1 ’ ,
498 r e g i o n = r e g i o n , f i x e d =OFF , d i s t r i b u t i o n T y p e =UNIFORM, magni tude = 2 5 . 0 ,
499 a m p l i t u d e =UNSET)
500
79
501
502 edges2 = e1 . f i n d A t ( ( ( ( 0 . 6 ∗ l e n g t h ) +( l e n g t h / 1 0 0 . 0 ) , 0 . 0 , 0 . 0 ) , ) )
503 f o r i i n r a n g e ( 1 , 2 0 ) :
504 edges2 = edges2 + e1 . f i n d A t ( ( ( ( 0 . 6 ∗ l e n g t h ) +( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 ,
0 . 0 ) , ) )
505 r e g i o n = r e g i o n T o o l s e t . Region ( edges = edges1 + edges2 )
506 mdb . models [ ’ Model−1 ’ ] . TemperatureBC ( name= ’BC−1 ’ , c r ea t eS tepName = ’ Step −1 ’ ,
507 r e g i o n = r e g i o n , f i x e d =OFF , d i s t r i b u t i o n T y p e =UNIFORM, magni tude = 2 5 . 0 ,
508 a m p l i t u d e =UNSET)
509
510 edges3 = e1 . f i n d A t ( ( ( ( 0 . 4 ∗ l e n g t h ) +( l e n g t h / 2 0 0 . 0 ) , 0 . 0 , 0 . 0 ) , ) )
511 f o r i i n r a n g e ( 1 , 5 ) :
512 edges3 = edges3 + e1 . f i n d A t ( ( ( ( 0 . 4 ∗ l e n g t h ) +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) , 0 . 0 ,
0 . 0 ) , ) )
513 r e g i o n = r e g i o n T o o l s e t . Region ( edges = edges1 + edges2 + edges3 )
514 mdb . models [ ’ Model−1 ’ ] . TemperatureBC ( name= ’BC−1 ’ , c r ea t eS tepName = ’ Step −1 ’ ,
515 r e g i o n = r e g i o n , f i x e d =OFF , d i s t r i b u t i o n T y p e =UNIFORM, magni tude = 2 5 . 0 ,
516 a m p l i t u d e =UNSET)
517
518 edges4 = e1 . f i n d A t ( ( ( ( 0 . 5 5 ∗ l e n g t h ) +( l e n g t h / 2 0 0 . 0 ) , 0 . 0 , 0 . 0 ) , ) )
519 f o r i i n r a n g e ( 1 , 5 ) :
520 edges4 = edges4 + e1 . f i n d A t ( ( ( ( 0 . 5 5 ∗ l e n g t h ) +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) , 0 . 0 ,
0 . 0 ) , ) )
521 r e g i o n = r e g i o n T o o l s e t . Region ( edges = edges1 + edges2 + edges3 + edges4 )
522 mdb . models [ ’ Model−1 ’ ] . TemperatureBC ( name= ’BC−1 ’ , c r ea t eS tepName = ’ Step −1 ’ ,
523 r e g i o n = r e g i o n , f i x e d =OFF , d i s t r i b u t i o n T y p e =UNIFORM, magni tude = 2 5 . 0 ,
524 a m p l i t u d e =UNSET)
525
526 edges5 = e1 . f i n d A t ( ( ( ( 0 . 4 5 ∗ l e n g t h ) +( l e n g t h / 1 0 0 0 . 0 ) , 0 . 0 , 0 . 0 ) , ) )
527
528 f o r i i n r a n g e ( 0 , 5 0 ) :
529 edges5 = edges5 + e1 . f i n d A t ( ( ( ( 0 . 4 5 ∗ l e n g t h ) +( l e n g t h / 1 0 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 0 . 0 ) , 0 . 0 ,
0 . 0 ) , ) )
530 r e g i o n = r e g i o n T o o l s e t . Region ( edges = edges1 + edges2 + edges3 + edges4 + edges5 )
531 mdb . models [ ’ Model−1 ’ ] . TemperatureBC ( name= ’BC−1 ’ , c r ea t eS tepName = ’ Step −1 ’ ,
532 r e g i o n = r e g i o n , f i x e d =OFF , d i s t r i b u t i o n T y p e =UNIFORM, magni tude = 2 5 . 0 ,
533 a m p l i t u d e =UNSET)
534
535
536 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−P r e d e f i n e d F i e l d Manager−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
537
80
538 s e s s i o n . v i e w p o r t s [ ’ Viewpor t : 1 ’ ] . a s s e m b l y D i s p l a y . s e t V a l u e s ( s t e p = ’ I n i t i a l ’ )
539 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
540 f1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. f a c e s
541 f a c e s 1 = f1 . f i n d A t ( ( ( ( 0 . 0 5 ∗ l e n g t h ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
542 f o r i i n r a n g e ( 1 , 4 ) :
543 f a c e s 1 = f a c e s 1 + f1 . f i n d A t ( ( ( ( 0 . 0 5 ∗ l e n g t h ) + i ∗ ( 0 . 1∗ l e n g t h ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
544
545 f a c e s 2 = f1 . f i n d A t ( ( ( ( 0 . 6 ∗ l e n g t h ) + ( 0 . 0 5∗ l e n g t h ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
546 f o r i i n r a n g e ( 1 , 4 ) :
547 f a c e s 2 = f a c e s 2 + f1 . f i n d A t ( ( ( ( 0 . 6 5 ∗ l e n g t h ) + i ∗ ( 0 . 1∗ l e n g t h ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
548
549 f a c e s 3 = f1 . f i n d A t ( ( ( ( 0 . 4 ∗ l e n g t h ) + ( ( 0 . 1∗ l e n g t h ) / 4 . 0 ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
550 f o r i i n r a n g e ( 1 , 4 ) :
551 f a c e s 3 = f a c e s 3 + f1 . f i n d A t ( ( ( ( 0 . 4 ∗ l e n g t h ) + ( ( 0 . 1∗ l e n g t h ) / 4 . 0 ) + i ∗ ( 0 . 0 5∗ l e n g t h ) ,
h e i g h t / 2 . 0 , 0 . 0 ) , ) )
552
553
554 r e g i o n = r e g i o n T o o l s e t . Region ( f a c e s = f a c e s 1 + f a c e s 2 + f a c e s 3 )
555 mdb . models [ ’ Model−1 ’ ] . Tempera tu r e ( name= ’ P r e d e f i n e d F i e l d −1 ’ ,
556 c rea t eS tepName = ’ I n i t i a l ’ , r e g i o n = r e g i o n , d i s t r i b u t i o n T y p e =UNIFORM,
557 c r o s s S e c t i o n D i s t r i b u t i o n =CONSTANT_THROUGH_THICKNESS, m a g n i t u d e s = ( 2 5 . 0 ,
558 ) )
559
560 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−Mesh−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
561
562 a1 = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
563 e11 = a1 . i n s t a n c e s [ ’ P a r t −1−1 ’]. edges
564 f o r i i n r a n g e ( 0 , 2 0 ) :
565 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , h e i g h t , 0 . 0 ) ) , )
566 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
567 f o r i i n r a n g e ( 0 , 2 0 ) :
568 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 , 0 . 0 ) ) , )
569 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
570 f o r i i n r a n g e ( 0 , 2 0 ) :
571 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 6∗ l e n g t h ) +( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) ,
h e i g h t , 0 . 0 ) ) , )
572 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
573 f o r i i n r a n g e ( 0 , 2 0 ) :
574 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 6∗ l e n g t h ) +( l e n g t h / 1 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 . 0 ) , 0 . 0 ,
0 . 0 ) ) , )
575 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
81
576
577 f o r i i n r a n g e ( 0 , 5 ) :
578 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 4∗ l e n g t h ) +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) ,
h e i g h t , 0 . 0 ) ) , )
579 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
580 f o r i i n r a n g e ( 0 , 5 ) :
581 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 4∗ l e n g t h ) +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) , 0 . 0 ,
0 . 0 ) ) , )
582 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
583 f o r i i n r a n g e ( 0 , 5 ) :
584 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 5 5∗ l e n g t h ) +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) ,
0 . 0 , 0 . 0 ) ) , )
585 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
586 f o r i i n r a n g e ( 0 , 5 ) :
587 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 5 5∗ l e n g t h ) +( l e n g t h / 2 0 0 . 0 ) + i ∗ ( l e n g t h / 1 0 0 . 0 ) ,
h e i g h t , 0 . 0 ) ) , )
588 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
589
590 f o r i i n r a n g e ( 0 , 5 0 ) :
591 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 4 5∗ l e n g t h ) +( l e n g t h / 1 0 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 0 . 0 ) ,
h e i g h t , 0 . 0 ) ) , )
592 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
593 edges =( e11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 4 5∗ l e n g t h ) +( l e n g t h / 1 0 0 0 . 0 ) + i ∗ ( l e n g t h / 5 0 0 . 0 ) ,
0 . 0 , 0 . 0 ) ) , )
594 a1 . seedEdgeByNumber ( edges =edges , number =1 , c o n s t r a i n t =FIXED )
595
596 f o r i i n r a n g e ( 0 , 1 1 ) :
597 end1Edges =( e1 . f i n d A t ( c o o r d i n a t e s = ( 0 . 0 + i ∗ ( l e n g t h / 1 0 . 0 ) , 0 .75∗ h e i g h t , 0 . 0 ) ) , )
598 edges = ( ( end1Edges , END1) , )
599 a1 . seedEdgeByBias ( edges =edges , r a t i o = 8 0 0 . 0 , number =30 , c o n s t r a i n t =FIXED )
600
601 end1Edges =( e1 . f i n d A t ( c o o r d i n a t e s = ( 0 . 4 5∗ l e n g t h , 0 .75∗ h e i g h t , 0 . 0 ) ) , )
602 edges = ( ( end1Edges , END1) , )
603 a1 . seedEdgeByBias ( edges =edges , r a t i o = 8 0 0 . 0 , number =30 , c o n s t r a i n t =FIXED )
604
605 end1Edges =( e1 . f i n d A t ( c o o r d i n a t e s = ( 0 . 5 5∗ l e n g t h , 0 .75∗ h e i g h t , 0 . 0 ) ) , )
606 edges = ( ( end1Edges , END1) , )
607 a1 . seedEdgeByBias ( edges =edges , r a t i o = 8 0 0 . 0 , number =30 , c o n s t r a i n t =FIXED )
608
609
82
610 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−S t r u c t u r e d Mesh
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
611
612 a1 = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
613 f11 = a1 . i n s t a n c e s [ ’ P a r t −1−1 ’]. f a c e s
614
615 f o r i i n r a n g e ( 0 , 4 ) :
616 r e g i o n s =( f11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 0 5∗ l e n g t h ) + i ∗ ( l e n g t h / 1 0 . 0 ) , h e i g h t / 2 . 0 , 0 . 0 ) )
, )
617 a1 . s e t M e s h C o n t r o l s ( r e g i o n s = r e g i o n s , t e c h n i q u e =STRUCTURED)
618
619 f o r i i n r a n g e ( 6 , 1 0 ) :
620 r e g i o n s =( f11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 0 5∗ l e n g t h ) + i ∗ ( l e n g t h / 1 0 . 0 ) , h e i g h t / 2 . 0 , 0 . 0 ) )
, )
621 a1 . s e t M e s h C o n t r o l s ( r e g i o n s = r e g i o n s , t e c h n i q u e =STRUCTURED)
622
623 f o r i i n r a n g e ( 0 , 2 ) :
624 r e g i o n s =( f11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 4∗ l e n g t h ) +( l e n g t h / 4 0 . 0 ) + i ∗ ( l e n g t h / 2 0 . 0 ) ,
h e i g h t / 2 . 0 , 0 . 0 ) ) , )
625 a1 . s e t M e s h C o n t r o l s ( r e g i o n s = r e g i o n s , t e c h n i q u e =STRUCTURED)
626
627 f o r i i n r a n g e ( 0 , 2 ) :
628 r e g i o n s =( f11 . f i n d A t ( c o o r d i n a t e s = ( ( 0 . 5∗ l e n g t h ) +( l e n g t h / 4 0 . 0 ) + i ∗ ( l e n g t h / 2 0 . 0 ) ,
h e i g h t / 2 . 0 , 0 . 0 ) ) , )
629 a1 . s e t M e s h C o n t r o l s ( r e g i o n s = r e g i o n s , t e c h n i q u e =STRUCTURED)
630
631 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−Element S e l e c t i o n−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
632
633 elemType1 = mesh . ElemType ( elemCode=DC2D4 , e l e m L i b r a r y =STANDARD)
634 elemType2 = mesh . ElemType ( elemCode=DC2D3 , e l e m L i b r a r y =STANDARD)
635 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
636 f1 = a . i n s t a n c e s [ ’ P a r t −1−1 ’]. f a c e s
637 f a c e s 1 = f1 . f i n d A t ( ( ( ( 0 . 0 5 ∗ l e n g t h ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
638 f o r i i n r a n g e ( 1 , 4 ) :
639 f a c e s 1 = f a c e s 1 + f1 . f i n d A t ( ( ( ( 0 . 0 5 ∗ l e n g t h ) + i ∗ ( 0 . 1∗ l e n g t h ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
640
641 f a c e s 2 = f1 . f i n d A t ( ( ( ( 0 . 6 ∗ l e n g t h ) + ( 0 . 0 5∗ l e n g t h ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
642 f o r i i n r a n g e ( 1 , 4 ) :
643 f a c e s 2 = f a c e s 2 + f1 . f i n d A t ( ( ( ( 0 . 6 5 ∗ l e n g t h ) + i ∗ ( 0 . 1∗ l e n g t h ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
644
645 f a c e s 3 = f1 . f i n d A t ( ( ( ( 0 . 4 ∗ l e n g t h ) + ( ( 0 . 1∗ l e n g t h ) / 4 . 0 ) , h e i g h t / 2 . 0 , 0 . 0 ) , ) )
83
646 f o r i i n r a n g e ( 1 , 4 ) :
647 f a c e s 3 = f a c e s 3 + f1 . f i n d A t ( ( ( ( 0 . 4 ∗ l e n g t h ) + ( ( 0 . 1∗ l e n g t h ) / 4 . 0 ) + i ∗ ( 0 . 0 5∗ l e n g t h ) ,
h e i g h t / 2 . 0 , 0 . 0 ) , ) )
648
649 p i c k e d R e g i o n s =( f a c e s 1 + f a c e s 2 + f a c e s 3 , )
650 a . s e t E l e m e n t T y p e ( r e g i o n s = p ickedReg ions , e lemTypes =( elemType1 , elemType2 ) )
651
652 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−Mesh−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
653
654 a = mdb . models [ ’ Model−1 ’ ] . roo tAssembly
655 p a r t I n s t a n c e s =( a . i n s t a n c e s [ ’ P a r t −1−1 ’] , )
656 a . gene ra t eMesh ( r e g i o n s = p a r t I n s t a n c e s )
657
658 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−Job Module−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
659
660
661 myJob=mdb . Job ( name = ’2 ’ , model = ’ Model−1 ’ , t y p e =ANALYSIS , e x p l i c i t P r e c i s i o n =SINGLE ,
662 n o d a l O u t p u t P r e c i s i o n =SINGLE , d e s c r i p t i o n = ’ ’ ,
663 p a r a l l e l i z a t i o n M e t h o d E x p l i c i t =DOMAIN, m u l t i p r o c e s s i n g M o d e =DEFAULT,
664 numDomains =1 , u s e r S u b r o u t i n e = ’ ’ , numCpus =1 , preMemory =1024 .0 ,
665 standardMemory =1024 .0 , s t anda rdMemoryPo l i cy =MODERATE, s c r a t c h = ’ ’ ,
666 e c h o P r i n t =OFF , m o d e l P r i n t =OFF , c o n t a c t P r i n t =OFF , h i s t o r y P r i n t =OFF)
667 myJob . w r i t e I n p u t ( c o n s i s t e n c y C h e c k i n g =OFF)
668
669
670 main ( )
84
